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Abstract
Environmental concern regarding the use of hazardous wood preservatives is of 
increasing concern, and biological control may provide an attractive alternative to the 
use of toxic chemicals for wood protection. Trichoderma isolates are among the most 
widely researched biological control agents for the protection of agricultural crops from 
a variety of plant diseases and have more recently been investigated for bioprotection of 
wood products.
Screening of fungal antagonists is the first most important step in selection of potential 
biocontrol agents. Preliminary interaction studies were carried out between 
Trichoderma spp. and selected basidiomycetes on both nutrient rich media and a low 
nutrient media devised to give a closer representation of the nutritional consistency of 
wood. Results indicated that the outcome of interactions was dependent on the media 
type.
Individual antagonistic mechanisms of Trichoderma (soluble metabolite, volatile 
antibiotics, laminarinase and chitinase lytic enzymes) against Neolentinus lepideus and 
Trametes versicolor fungi indicated that these were also dependent on media type. 
Study of production of iron chelating siderophores by Trichoderma species indicated 
that they may also play a significant role in antagonism against basidiomycetes by iron 
competition.
One of the major aims of the work was to identify the relative importance of individual 
antagonistic mechanisms of Trichoderma that would be of importance during 
interaction with wood decay basidiomycetes in the natural substrate, i.e., wood. 
Statistical comparisons were carried out between the % weight loss of wood blocks after 
exposure to selected basidiomycetes, with individual antagonistic responses observed 
against these same wood decay fungi using agar test systems. Results indicate that the 
relative importance of individual antagonistic responses exhibited by Trichoderma spp. 
in determining the degree of wood protection is dependent on the following factors: 1) 
target pathogen, 2) Trichoderma spp. and 3) the media in which the responses were
detected. This project has important commercial implications since through a better 
understanding of the strategies of the antagonists, strains can be developed to exaggerate 
their more important antagonistic mechanisms or to better target, specific decay fungi. 
Also knowledge gained on the potential of certain metabolites and volatiles can be 
adapted in commercial production of safer wood protectants which may replace toxic 
chemical preservatives currently in use.
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Introduction
Chapter 1
1.0 Introduction
A considerable amount of money is lost annually worldwide because of the 
biodeterioration of wood products by micro-organisms. A large proportion of this 
money could be saved by the use of suitable wood species and correct selection of 
available control methods. Certain species of timber are naturally resistant to attack 
because they contain toxic heartwood extractives and perform well in service without 
the addition of chemical preservatives (Panshin and de Zeeuw, 1980). Unfortunately, 
natural durability is variable even within and between trees of the same species, and 
naturally durable timbers are becoming progressively more scarce and correspondingly 
more expensive as the demand for them is increasing. Consequently, it is generally 
becoming more economical to use properly protected nondurable timber rather than 
naturally durable material.
The two major control methods for protection of wood in service are 1) prevention of 
the entry of moisture into wood by the use of proper construction techniques and water- 
impermeable barriers, and 2) treatment of wood with chemicals toxic to wood- 
destroying fungi. The former method is widely used in low-hazard environments; for 
example, internal building timbers in temperate zones. The latter method is used in 
medium- and high-hazard environments; for example, ground-contact timbers and 
marine timbers (Tsoumis, 1991).
j
While preservatives have been used for some time now awamess of their environmental 
hazards has greatly increased in recent years. Alternatives are now being sought that 
will be environmentally safer as well as effective. Biological control is one such 
alternative. The idea of using one organism to control attack by another is not new in the 
field of biological sciences. In fact, it has become a practical reality for the control of 
some insect pests and some microbial pathogens which attack a range of plant species.
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However, to date the development of fungal control methods for prevention of decay in 
wood has not been fully exploited.
1.1 Biological control: Understanding the phenomenon
Biological control is part of a broader overall phenomenon of natural control. Natural 
control is common to all biological systems and occurs as part of the ecology of 
individual environments. Natural control may be defined as the regulation of 
populations over a period of time by any single or combination of natural factors. Such 
factors have sometimes been classed into two categories biotic (living) and abiotic (non­
living). For example, weather can have an abiotic regulating effect in insect population 
densities by interacting with other physical factors. For instance, the higher the 
temperature and lower the humidity, the fewer are the sites on a plant that a 
phytophagous (plant eating) insect may be able to survive. Although any single factor 
may be the key regulatory component responsible for control in a given situation rarely 
if ever do they act entirely independently. And abiotic factors will interact with biotic 
aspects of a habitat, where, though temperature can affect the insect population, its 
reduction in turn might affect populations of others that feed on them (DeBach, 1974). 
Biological control was defined by DeBach (1974) as " the regulation by natural enemies 
of another organism’s population density to a lower level than would otherwise occur". 
This definition of biocontrol includes both natural control where control has occurred as 
a result of the accidental immigration and establishment of an exotic natural enemy; or 
alternative biological control which is achieved through human activities. Since a vast 
amount of biological control is natural, it is therefore reasonable to consider cases 
involving manipulation by man to achieve control as being " applied or classical 
biological control".
Primitive man must have observed, in very early times, the delicacy of balance in nature 
by noting that excessive hunting of an animal lowered its numbers and thus decreased 
his own food supply. Strategies therefore evolved which attempted to maintain a 
favourable balance. Man has been learning through time that such a fine balance in 
nature is difficult to maintain. Domestic practices such as controlling pests like mice and
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rats with cats is a perfectly simple example to demonstrate man’s earlier efforts to 
develop biocontrol. With the progress of civilisation, humans have without knowledge 
or insight into the mechanisms of biological control, practiced limited biocontrol 
through the practices of crop rotation and mixed or inter-cropping methods in the 
Middle East and later in China in the third and fourth millennia BC. The Europeans in 
Saxon and medieval times used simple rotation and fallow periods to try to reduce 
disease and increase soil fertility (Campbell, 1989 a). Only more recently the 
remarkable interactions that are responsible for such control have been analysed and 
explored. Such biological control strategies, subjected to adequate research, are 
applicable to systems containing almost all life forms. Inorder to maintain a balanced 
control system, great care has to be taken particularly when the control agent is not 
already endemic in that ecosystem. The introduction of the myxoma virus to control 
rabbit population in Australia and the introduction of a north Argentinian native moth 
C a c to b la s t i s  c a c to r u m  to control prickly pear, a cactus which became a serious weed in 
Australia have both been well documented failures due to excessive population 
explosions of the introduced control agents (Deacon, 1983). There is a fine dividing 
line between successful biocontrol of populations and the forced extinction of the target. 
In many instances human manipulation of populations of organisms in the form of 
applied biological control has caused irreparable damage however increasing awareness 
of the hazards of applying insufficiently analysed biological control strategies has 
prompted extensive research in this area.
Data from a global appraisal of the success rate of classic biological control against 
insect and arachnid pests (Hall and Ehler, 1979), shows that only one-third of the 
parasites and predators introduced become established more or less permanently after 
introduction. Since most of the earlier work has involved biocontrol of the above 
mentioned pests, some valuable knowledge gained in terms of introduction and success 
rates of biocontrol agents has been gathered from this study and is discussed below. 
Indeed if success of biological control is defined purely in terms of profitability, only 16 
percent of these classic biological control attempts qualify as successes (Hall e t  a h ,
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1980), while Turnbull and Chant (1961) concluded that well over half of the Canadian 
biological control projects were failures.
A number of theories have been proposed on the basis of experimental experience to 
account for such failure of insect biological control agents (Krebs, 1985). Most 
successfully implemented biological control programs have given early indications that 
they were likely to succeed. Clausen (1951) suggests that three years should be a large 
enough period to establish success and that if control is not achieved in the vicinity of 
the colonisation point within this time, the complete control by a biocontrol system will 
be most unlikely. This suggests that projects where the control agent does not become 
established should be discontinued after three years and that prolonged efforts at 
establishment beyond this time are not economically practical. Most biological control 
agents of insect pests which successfully established within the three year rule, show 
little subsequent evolutionary change beyond this span of time. If an antagonist is not 
already adapted to control the pathogen it will not evolve quickly into a successful 
control agent.
A biocontrol agent selected on the basis of antagonistic and ecological characteristics as 
determined by laboratory experiments may still fail during field testing however, if 
commercial exploitation of such systems is to occur thorough preliminary 
experimentation has to be undertaken. Pest management in the form of integrated 
control with chemicals and biocontrol agents has shown promising results and may 
provide a more immediate solution to modem problems of pest control. Toxic chemical 
treatments are gradually being replaced with biocontrol or integrated control systems 
that cause minimal damage to the environment. To replace all current hazardous 
treatments with biological control is however a noble but worthy challenge.
1.2 Historical development of biological control
The science of biological control began 100 years ago (DeBach, 1974) and is essentially 
a direct result of gradual accumulation of biological and ecological knowledge as man’s 
civilization has progressed. The history of biological control is therefore the history of
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knowledge contributed by early naturalists, biologists and experimental scientists. 
Biological control initially developed as an offshoot of the science of entomology for 
pest control. The first use of predatory insects by man for the purpose of biological 
control was by the ancient Chinese. They fostered the ant P h y l l a  s m a r a g d in a  in their 
citrus trees to control caterpillars and large boring beetles. This predatory ant builds 
great paper nests in trees containing thousands of individuals. These could be either 
purchased or recovered from wild trees and the movement of ants between cultivated 
trees was also encouraged by placing bamboo runways from one tree to another. A 
similar development was recorded among the Yemenese date growers of Arabia by P. 
Forskal in 1775 (cited in DeBach, 1974).
The first known successful introduction of a natural enemy from one country to another 
occured around the same time and indicates that the idea of using predators may have 
been a common practice at that time. The red locust, N o m a d a c r i s  s e p t m f a s c i a t a ,  was 
the most serious agricultural pest in Mauritius. In order to possibly solve the problem 
the mynah bird was introduced from India by the Count de Maudave in 1762 and by 
1770 the successful control of the locust was achieved. Meanwhile, in Europe during the 
entire seventeenth century biocontrol had developed from the first vague observations of 
insect parasitism to a full understanding of the process. U. Aldrovardi in 1602, was the 
first person to observe insect parasitism where he recorded the existence of parasitic 
larvae of A p a r t e l e s  g l o m e r a t u s  in the common cabbage butterfly larvae (cited in 
DeBach, 1974). This led to an increased knowledge of parasites as biocontrol agents.
In the nineteenth century, biology, including biological control, came of age. By this 
time it was recognised that true fungi actually grew in the bodies of some insects, some 
clearly as saprophytes but others, as parasites. Meanwhile beginning about the mid- 
1800s the idea of using micro-organisms to control insects began to be considered. This 
concept grew out of the increasing knowledge that insect diseases were infectious and 
contagious and could be transmitted from diseased to healthy individuals.
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Agostino Bassi is considered the father of insect pathology and has contributed a 
considerable amount of knowledge with regard to insect diseases and in 1836 published 
a suggestion to utilize putrified liquids to spray the leaves of plants to kill pest larvae. In 
the meantime, workers in Russia published reports on production of parasitic fungal 
spores on sterilised beer mash as a means of insect control. In 1884, in Smela, Russia 
experiments were led by Isaak Krassilstschik to develop a small plant for the production 
of M e ta r r h i z iu m  spores which led to increased interest in the use of fungi to control 
insects. Similarly development of control systems directed against weeds were studied 
around the 1850’s. The American entomologist Asa Fitch was the first to suggest the 
biological control of weeds about 1855 when he observed that toad-flax, a European 
weed very destructive in New York pastures, had no American insects feeding on it and 
speculated that the importation of insects feeding on it in Europe might solve the 
problem (cited in DeBach, 1974).
Control systems employing insect parasites and predators developed considerably faster 
than those using microbial pathogens during the 1800s, due to the technical difficulties 
of studying minute pathogenic micro-organisms. Dr. Erasmus Darwin, by stressing the 
controlling effect of certain parasites suggested their use in agriculture and gardening. 
Foreign exploration for new exotic natural enemies of insects however remained as the 
classical approach to their biological control particularly during the early 1900’s 
(DeBach, 1974).
One such project was the control of cottony-cushion scale a small coccid insect that 
sucks sap from leaves and twigs of citrus trees in California, in 1888-9. In 1888 Albert 
Koebele of the Division of Entomology was sent to Australia by the U.S. government to 
represent the State Department at an international exposition in Melbourne. Koebele 
sent two insects back to California, a small dipteran parasite, C r y p to c h a e tu m  i c e r y a e ,  
and a predaceous ladybird called the vedalia beetle (R o d o l ia  c a r d in a l i s )  as two potential 
control agents for the scale problem. In late 1888 the first ladybird beetles were received 
in California, and by January 1889 a total of 129 individuals had been released near Los 
Angeles. By October 1889, scarcely one year since R o d o l ia  was found in Australia by
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Koebele, the cottony-cushion scale was virtually eliminated from large areas of citrus 
orchards in southern California (Krebs, 1985).
In more recent years biological control has also been examined in agricultural systems 
for control of plant pathogens. The major reason for the interest in this field is due to the 
increasing need for environmentally safer pest and disease control methods. These 
systems must be compatible with the ever-increasing need for food, especially for 
improved crop production in the developing countries to achieve higher yields without 
causing more damage to their fragile environment. Similarly environmental awareness 
in the use of toxic wood preservatives has forced the need for research into safer 
alternatives such as biocontrol.
1.3 Microbial control and biological control: definitions and 
scope
DeBach (1964) defined biocontrol as " the action of predators, parasites, or pathogens in 
maintaining another organism’s population density at a lower average than would occur 
in their absence". This referred particularly to insect pests and weeds but is not broad 
enough to encompass control of plant pathogens, which is often achieved through more 
passive mechanisms. Plant pathologists have adopted an extremely broad view of 
biological control and include, for example, all cases in which a plant is bred for disease 
resistance, i.e. by genetic manipulation. Baker and Cook (1974), defined biological 
control as " the reduction of inoculum density or disease producing activities of a 
pathogen or parasite in its active or dormant state, by one or more organisms, 
accomplished naturally or through manipulation of the environment, host, or antagonist, 
or by mass introduction of one or more antagonists". This definition concentrates more 
on the specific mechanisms of control rather than defining an overall strategy for 
control. The definition proposed by Garrett (1970) however is even more general and 
covers both pests and pathogens of plants," biological control is the practice in which, 
or process whereby, the undesirable effects of an organism are reduced through the 
agency of another organism that is not the host plant, the pest or pathogen, or man". In
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other words biological control is mediated by a "third party"; in the case of microbial 
control this is a micro-organism.
The simplest form of microbial biological control would involve applying the control 
agent to reduce the effects of a target pest. There are many such cases in current practice 
as reviewed by Deacon (1983) including the use of Bacillus popilliae on grass turf in 
the USA to control larvae of the Japanese beetle and application of Peniophora 
gigantea to pine stumps in Britain to prevent them from being colonised by the 
aggressively pathogenic fiingus Heterobasidiort annosum.
Not all examples of successful biological control involve the direct introduction of the 
control agents. If cereals are grown continuously (i.e. year after year) on the same site 
they may at first be heavily diseased by the take-all ftingus Gaeumannomyces graminis 
var. tritici but the level of disease declines in subsequent years and cereals can be grown 
profitably on these "take-all decline" sites. It is known that micro-organisms, 
particularly some fluorescent pseudomonas bacteria, may be responsible for the take-all 
decline which is being exploited. In the greenhouse cropping industry it is common 
practice to partly sterilize soils by steam-air mixtures or chemical fumigants but soils 
are intentionally not completely sterilised. Partial sterilisation is sufficient to kill most 
weed seeds and plant pathogens but it leaves some of the resident saprophytic micro­
organisms which include fungi and bacteria that antagonise plant pathogens undamaged. 
These antagonists prevent the soil from being recolonised by any pathogens that persist 
in local pockets. This is an example of microbial biocontrol even though it may also 
involve the use of chemicals. Strictly speaking this should be termed integrated control,
i.e. practices in which more than one control measure are operating. In the above 
example there is a primary and direct effect of heat or chemicals on the plant pathogens 
and a secondary, indirect biological control effect operating through the activities of 
micro-organisms.
Even plant breeding can be included under the broadest definition of biological control 
especially if the new cultivar is resistant to disease because it supports a population of
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controlling organisms. For example, Canadian spring wheat can be made resistant or 
susceptible to the disease commonly termed root rot by substitution of the chromosome 
pair 5B from a resistant or susceptible parent cultivar. This is correlated with changes in 
the root microflora although there may be no causal relationship (Deacon, 1983).
Some types of control must be excluded from even the broadest definition of biocontrol 
though they involve micro-organisms. Protection by attenuated strains of viruses against 
virulent ones, where some viral component (eg., surface protein) that is recognised and 
induces resistance in the plant which could be applied in the absence of the virus to give 
the same effect. A similar case would be if a product of a micro-organism (eg., 
antibiotic) was solely responsible for control and manufactured for this specific purpose. 
The use of B a c i l lu s  th u r i n g i e n s i s  to control larvae of the Lepidoptera employs both 
organism and metabolite. The bacterium is grown in culture and produces a mixture of 
spores and toxin crystals which together constitute the control agent. In many cases the 
crystals alone can be used to give control, but the bacterium is recognised to play a 
secondary role in the control process by invading hosts previously weakened by the 
toxin. One of the reasons given for including plant breeding as a method of biological 
control is that in the foreseeable future it may be possible to incorporate microbial genes 
into the plant genome to achieve control eg., in the control of crown gall disease.
In summary microbial biocontrol can be achieved via several different mechanisms but 
all have one thing in common: an integral part of the control process is the activity of a 
micro-organism and biocontrol can therefore be considered as a practical application of 
a microbial ecological process.
1.4 Biological control in agriculture
The major pests confronting man are insects, weeds and plant pathogens. Insects ravage 
crops and transmit disease organisms of man, his stock and his crops. Weeds compete 
with crops and choke and poison waterways, as well as harbouring harmful pests and 
pathogens. Plant diseases caused by fungi, bacteria, viruses, mycoplasmas, nematodes 
and higher plants lead to severe losses as a result of the continuous impairment of crop
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physiology. General texts on pests and diseases have been written by Fox Wilson 
(1960), Gram e t  al.>  (1969), Stapely and Gayner (1969), Fletcher (1974), Jones and 
Jones (1974) and Kranz e t a l . ,  (1979) (as cited in Burge, 1988).
Though extensively studied by many scientists with notable progress being made, the 
ecology and complex interactions between soil micro-organisms remain somewhat of an 
anomaly. In the course of growing millions of acres of crops during thousands of years 
of agricultural development mankind has however found many examples of the effects 
of microbial interactions.
Biological control is based on microbial interactions and involves a study of the factors 
that regulate or affect the ecosystem. This is the basis for research on biological control 
in plant pathology, nematology, and entomology, and provides the basis upon which to 
build this inter-disciplinary science. Advances in molecular biology have also provided 
new tools to study the genetics of microbial interactions in biological control. A greater 
understanding of these interactions will lead to improvements in the selection and 
adaptation of biocontrol agents and thus will enhance pest and disease control.
Biological control of plant pathogens has evolved as an extension of research on soil- 
borne pathogens and on the ecology of the rich microbial flora found in the rhizosphere. 
This work began during the second half of the 20th century and now forms the basis for 
the study of biological control, based heavily on microbial and microbe-plant 
interactions. In this field of study, antagonism, competitive inhibition, and 
hyperparasitism are common mechanisms describing some of the interactions between 
control agent and target. Not all useful interactions involve microbes however, some 
small insects and other members of the soil fauna have also been seen to feed on and 
destroy plant pathogens (Nelson, 1989).
Man is increasingly aware of the environment being polluted by accumulation, in soil 
and water, of chemical residues that are harmful to himself; his crops and animals and to 
soil micro-organisms. This realisation has led him to consider biological systems in an
10
attempt to destroy pathogens without creating other disruptive side effects. Although 
difficult to achieve, biological control seems to be one of the most attractive alternatives 
to toxic agricultural biocides.
Biological control agents will be more specifically targeted and have a narrower or 
broader spectrum of activity than most chemical pesticides and successful use will 
therefore require more careful management. Many of the biocontrol agents that will be 
researched will unfortunately, through lack of commercial support for their development 
not be fully exploited. Research and development of biocontrols agents will therefore 
depend heavily on funding from governments and other non-profit organisations 
(Nelson, 1989).
All pests and disease organisms, may be subject to a degree of natural control. The fact 
that micro-organisms interact with each other, and may inhibit growth or cause death, 
has been known in culture for more than 100 years (reviewed in Baker, 1987 a). Actual 
control of pathogens in systems closer to the natural conditions was demonstrated by 
Hartley (1921), Henry (1931) and Millard and Taylor (1927) who used micro-organisms 
in mixtures or from pure cultures against various soil-borne diseases. The idea of using 
added inoculants in biological control was established almost 60 years ago. The ideas 
however remained unexplored during and after World War II with the enormous 
development of chemical pesticides. More recently however there has been an enormous 
increase in the amount of research effort devoted to biological control (Baker, 1987 b). 
Researchers have explored possibilities of using a variety of viruses, bacteria and fungi 
as biocontrol agents, although only a few have reached the status of commercial usage 
(Campbell, 1989 b).
Biological control of soil-borne pathogens by introduced micro-organisms has been 
studied for over 65 years (Baker, 1987 b; Cook and Baker, 1983), but during most of 
that time little commercial exploitation has occured. Since 1965, however, interest and 
research in this area have increased steadily (Baker, 1987 b), as reflected by the number 
of books (Baker and Cook, 1974; Chet, 1987; Cook and Baker, 1983; Papavizas, 1981)
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and review s on the topic (Baker, 1968; Brown, 1974; Burr and Caesar, 1984; Jatala, 
1986; M oore, 1979; Papavizas and Lum sden, 1980; Schroth and H ancock, 1982; 
Suslow, 1982). Meanwhile there has also been a shift in opinion that biological control 
can have an important role in agriculture in the future, and it is encouraging that several 
companies like ICI pic, etc now have programmes to develop biocontrol (Weller, 1988). 
This is  undoubtedly a response to public concern about hazards assoc ia ted  w ith  
chemical pesticides.
Attention has been diverted towards finding biocontrol agents for soil-borne pathogens 
rather than foliar pathogens. The main reason for this is that foliar pathogens are often  
adequately controlled by cheap, effective, chem ical methods (usually fungicides) or 
through varietal resistance with which b iological control w ould have to ’com pete’. 
There are few  fungicides effective against soil-borne diseases, especially in agricultural 
rather than horticultural applications, and breeding for resistance has been principally 
used to control root d isease. Foliar diseases have however, been the first target for 
biocontrol systems because they can be relatively easily recognised and assessed in the 
field trials. Root diseases are nonetheless seen as a major constraint on crop productivity 
(Cook, 1987) and their biocontrol is therefore receiving more attention (Campbell, 1989 
a).
In identifying antagonists against soil-borne pathogens, micro-organisms that can grow  
in the rhizosphere are ideal candidates, since the rhizosphere, provides the front-line 
defence for roots against attack by pathogens. Pathogens encounter antagonism from  
rhizosphere m icro-organism s before and during primary in fection  and also  during 
secondary spread on the root surface. In som e so ils described as m icrobiologically  
suppressive to pathogens, microbial antagonism o f  the pathogen is esp ecia lly  great, 
leading to substantial disease control (Schneider, 1982). Although pathogen suppressive 
so ils  are rare, those which have been identified  are exce llen t exam ples o f  the fu ll 
potential o f  biological control o f  soil-borne pathogens (Weller, 1988).
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It is  im possible to report all biocontrol agents that have been explored against insect, 
plant, microbial and other pests. Many potential viral, bacterial and fungal biocontrol 
agents have been looked  into in the past years but few  have reached the stage o f  
commercial production. Table 1.1 and 1.2 gives an indication o f the bacterial and fungal 
biocontrol agents that have reached the commercial market.
A n ta g o n is t P a th o g en  an d  
d is e a s e
C o m m e n t
A g r o b a c te -  
-r iu m  
S tra in  8 4
A g ro b a c ter iu m  
tu m e fa c ie n s  
cro w n  g a ll  in  
h orticu ltu re
S p e c ia l  in te r e st  in  th e  T i  p la sm id  as a  
g e n e  v e c to r  fro m  b a cter iu m  to  
eu k a r y o t ic  h o st . A n ta g o n is t  u se d  a s  a  
r o o t  o r  cu ttin g  d ip . O p era tes b y  
c o m p e tit io n  fo r  a d so rp tio n  s ite s  and  
p r o d u c tio n  o f  b a c te r io c in . B io c o n tr o l  
c o m m e r c ia lly  a v a ila b le  (C la re  e t  a l., 
1 9 8 7 )
E r w in ia
h e r b ic o la
E r w in ia  a m y lo v o ra  
f ir e  b lig h t
S h o r t p e r io d  o f  co n tro l i s  n e e d e d  
d u r in g  f lo w e r in g . S e e  a lso  P se u d o m o n a s  
P ro b a b ly  c o m p e tit io n  (L in d o w , 1 9 8 5 )
F u sa r iu m
la ter itiu m
E u ty p a  a rm en ia ca e  
a p r ico t  can k er
U s e s  c o m b in e d  fu n g ic id e  trea tm en t an d  a  
fu n g ic id e  to lera n t b io c o n tr o l a g en t. 
C o m m e r c ia l (C arter, 1 9 8 3 )
P se u d o m o n a s
sy r in g a e
E r w in ia  a m y lo v o r a  
f ir e  b lig h t
U s e d  in  co n ju n c t io n  w ith  c o n tr o l o f  
fr o s t  d a m a g e . A n t ib io t ic s  and  
s id er o p h o re s  p ro b a b ly  n o t  im p o r ta n t  
(B e e r  e t  a l., 1 9 8 4 )
P se u d o m o n a s
sp p .,
e s p e c ia l ly
P .p u tid a
and
P .f lu o r e s -
-c e n s
M a n y  d ise a s e s , e g .  
ta k e -a ll
(G a e u m a n n o m y c e s  
g ra m in is ) , P y th iu m  
r o o t rot, 
R h iz o c to n ia , 
F u sa riu m , e tc .,  
a lso  fo r  th e  
co n tr o l o f  fro st  
d a m a g e
F lu o r e sc e n t  p seu d o m o n a d s  are o n e  o f  th e  
m a in  g ro u p s o f  b a cter ia  b e in g  d e v e lo p e d  
fo r  c o m m e r c ia l u se . N o n e  y e t  a v a ila b le  
P r o d u c e  a n tib io tic s , s id er o p h o re s  and  
p o s s ib ly  ly t ic  e n z y m e s .
(C o o k  an d  B a k er , 1 9 8 3 ; W e lle r , 1 9 8 8 )
Table 1.1 - List of antagonists in, or near to, Commercial u se:
In " Microbial inoculants of crop plants" by Campbell (1989 b).
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1.4.1 Fungal biocontrol agents
Fungi have evolved the ability to utilise a variety o f  substrates and colon ise various 
habitats. During this evolution, the problem o f  competition from other organisms for 
food and/or space in the fungal habitat has resulted in development by certain fungi o f  
methods o f antagonism for the suppression o f  these competitors. Som e fungi through 
com petition for a substrate may reduce the im pact o f  organism s that are indirectly  
harmful to man and thereby have the potential to act as biological control agents.
There has been a long history o f  efforts to deploy fungi to antagonise plant pathogens 
and thereby control diseases. It is not difficult to isolate fungi which are antagonistic to 
plant diseases, especially  in vitro. The d ifficu lty  arises in  developing a successfu l 
disease biocontrol agent which will work in the field, and there have been remarkably 
few successes to date. Generally fungi have only been used as antagonists o f  fungal and 
not bacterial plant pathogens. Pests and disease organisms, with the possible exceptions 
o f viruses, bacteria and mycoplasmas, may be subject to a degree o f natural control by 
fungi, which are either predatory, parasitic or antagonistic.
A lot o f  work has been carried out to obtain fungal antagonists against pests other than 
plant pathogens (Lisansky and Hall, 1983). Attention will be devoted here to potential 
biocontrol agents o f pests and plant pathogens that are, c lose  to com m ercialisation. 
There is more interest in development o f fungal antagonists against plant pathogens than 
any other pests, simply because of the huge economic losses that are faced as a result o f  
plant diseases. In the United States alone, at least $4 billion is lost annually due to soil- 
borne fungal pathogens (A cuff, 1988). Current and future le g is la tiv e  regu lation , 
especially in the US, to restrict pesticide (including fungicide) use will compound these 
conservatively estimated losses even further. Although restrictions are being imposed to 
protect food quality and the environment, chemicals are still the only means presently 
available to prevent diseases o f food and fiber crops. In recent years, the need to develop 
disease control measures as alternatives to chem icals has becom e high priority for 
scientists worldwide. B iological control, especially using fungal antagonists against 
fungal plant pathogens, has therefore gained considerable attention and appears to be a
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promising viable supplement or alternative to chemical control (Cook and Baker, 1983; 
Papavizas, 1981,1985)
There are many reports o f  control o f diseases in the research literature, however most o f  
these control agents have not been commercially exploited. This may be, due to failure 
o f the organism to achieve control especially in the field. There are also a number o f  
potentially useful antagonists which have not been, and will not be, developed, despite 
their success, since the controlled crop or disease may not be important enough to 
warrant commercial development. Another constraint is that research information may 
have been published, thereby preventing patent protection without which commercial 
investment is doubtful.
Among fungal antagonists that have been researched Trichoderma spp. have proved to 
be the most successful. This com petitiveness may be illustrated by their widespread  
occurrence and other specialised qualities that are discussed below  that m akes them  
unique.
1 .5  T R IC H O D E R M A
Trichoderma are soil fungi that occur ubiquitously, first described by Persoon in 1794 
as a con id ia tin g  (a sex u a lly  reproducing) fungal sp e c ie s . T he p o ten tia l u se  o f  
Trichoderma species as biocontrol agents was first suggested more than 50 years ago by 
W eindling (1932) who demonstrated the parasitic activity o f  members o f  this fungus 
genus to the pathogen such as Rhizoctonia solani.
1.5.1 T axonom y
The sim ilarity between the anamorph (asexual reproductive state) o f  Trichoderma 
viride Pers.ex.S.F. Gray and the teleomorph (sexual) Hypocrea rufa (Pers.ex Fr.) Fr. 
was noted by the Tulasne brothers in 1865 and caused considerable confusion regarding 
the taxonom ic status o f  Trichoderma. The classification  o f  Trichoderma spp. has 
evolved slowly, however, more recent efforts by Webster (1964), Doi (1979) and Rifai
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(1969) have helped to clarify this taxanomic problem. Webster (1964) initially showed  
the d istin ction  b etw een  H.rufa and H.gelatinosa by in d icatin g  their resp ectiv e  
anamorphs to be Trichoderma and Gliocladium, w hile D oi over the last 20 years, has 
devoted  studies to clarify ing  further d istin ction s betw een  such teleom orphs and 
anamorphs (Doi and Doi, 1979). In noting the complexities o f morphologic speciation, 
Rifai (1969) presented a classification guide to the genus Trichoderma based on nine 
"species aggregates". T his has been  w id ely  accepted  as a practical gu id e , w ith  
incorporations o f further species by Domsch etal., 1980; and D oi and Doi, 1979, while 
retaining the "species aggregate" concept.
1.5.2 M orphology
Trichoderma colon ies grow rapidly, in itia lly  form ing a sm ooth white surface and 
becoming compact following conidiation. Colonies may produce yellow  pigments, but 
mature colonies are green from the colour o f  the coni dial m asses. Conidi a form on  
branched aerial con id iop h ores, sp ec ia tion  b ein g  based in  part on  con id iop h ore  
morphology (Rifai, 1969). Conidia (phialospores) are produced on inside flask-shaped 
phialides and are released at the tip to form clusters, that is, basipetal succession  via  
production o f enteroblastic conidia. The initial phialide cell wall is  ruptured on release 
o f  the first conidium ; and as su ccessiv e  con id ia  are released , a ridged co llarette  
comprised o f rings o f residual cell wall material builds up inside the rim o f the phialide 
tip  (H am m ill, 1974 , as c ited  in  E v e le ig h , 1 9 8 4 ). The co n id ia  la ck  d is t in c tiv e  
characteristic apart from those o f T.viride, which have rough walls (Eveleigh, 1984).
1.5.3 Sporulation and Germ ination
M ost species o f  Trichoderma are photosensitive, sporulating readily on many natural 
and artificial substrates in a concentric pattern o f alternating rings in response to diurnal 
alternation o f light and darkness, with conidia being produced in the presence o f light. 
The photo-induced conidiation in Trichoderma can be inhibited by chem icals such as 
azaguanine, 5-fluorouracil, actinom ycin D , cyclohexim ide, phenethyl a lcohol, and
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ethidium bromide. Though light and various chem icals play a role in sporulation; the 
molecular and biochemical processes involved in germination have largely been ignored 
due to the ease w ith w hich  conidia o f  Trichoderma germ inate on many substrates 
(Papavizas, 1985).
1 .5 .4  E co logy
Trichoderma spp. comprise a group o f  fast-growing Hyphomycetes that are extremely 
common in agriculture, prairie, forest, salt marsh, and desert soils in all climatic zones 
(Danielson and Davey, 1973 a; Domsch et al., 1980). They are particularly prevalent in 
the litter o f  humid, m ixed hardwood forests, com prising a minor com ponent o f  the 
microbiota in the initial colonisation but subsequently becoming more dominant. It has 
been noted that there is correlation between species distribution and a variety o f  factors 
(Papavizas, 1985). Trichoderma polysporum and T.viride occur in cool temperature 
regions, w hile T.harzianum is  characteristic o f  warm clim ates. This correlates with  
optimal temperature requirements for each species (Danielson and Davey, 1973 b). In 
general, Trichoderma sp ec ies  appear to be m ore prevalen t in  acid ic  s o ils , and 
Gochenaur (1970) (as cited in Papavizas, 1985) was able to correlate the occurrence o f  
T,viride with acid soils from cooler regions in Peru.
The widespread occurrence and effective colonisation potential o f Trichoderma species 
can be associated with several factors including their metabolic versatility; resistance to 
m icrobia l inh ib itors; and their an tagon ism  to other m icrobes. G erm ination  o f  
Trichoderma spores can also be relatively insensitive to fungistasis (Emmatty and 
Green, 1966, as cited in Papavizas, 1985). They are relatively resistant to synthetic  
ch em ica ls such as carbon d isu lph ide (B liss , 1951; W ebster, 1964), captan and 
chloropicrin (Anderson, 1962), formalin (Warcup, 1951, as cited in Papavizas, 1984), 
dichloropropane-di-chloropropylene (D-D) (Altson, 1950), and allyl alcohol, methyl 
bromide, and Semesan (2-chloro-4-hydroxy-mercuriphenol) (W oodcock, 1971). The 
dominance o f Trichoderma species in soil follow ing fumigation is w ell known and is 
probably due to their inherent resistance to fumigants and their enhanced ability to
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c o lo n ise  in  the a b sen ce o f  co m p etitiv e  m icro-organ ism s. T his p ostfu m ig a tio n  
dominance is o f special significance in the use o f Trichoderma as a biological control 
agent (Bliss, 1951). This remarkably broad-based tolerance o f Trichoderma to growth 
inhibitors o f  both microbial and abiotic origin, presumably facilitates their effective  
colonisation o f soil (Papavizas, 1985).
1.5.5 N utrition and p h ysio logy
Trichoderma species are m etabolically versatile and can u tilise  a diverse range o f  
subtrates. Carbon sources include many sugars and polysaccharides such as cellu lose, 
chitin, laminarin, pectin, starch and xylan (Danielson and Davey, 1973 a; Domsch et al., 
1980). C onsiderable variation am ong sp ec ies  occurs in  the u tilisa tion  o f  in u lin , 
m elezitose, raffinose, sucrose and tannic and gallic acids (Danielson and Davey, 1973 
a). Rhamnose, /-inositol and a-methyl-D-glucoside are exceptions and are poorly used.
It is  som ew hat en igm atic that in  sp ite o f  the marked c e llu lo ly tic  nature o f  m ost 
Trichoderma species, their ability to degrade wood (lignocellulose) is relatively weak. 
Strains can colonise w ood by using nonstructural carbohydrates. They attack lob lolly  
pine logs but, in  doing so, destroy only the ray parenchymatous cells  and the half- 
bordered pits (H ulm e and Stranks, 1970). T hese actions can be put to good  use to 
promote enhanced penetration and thus improved application o f timbers preservatives 
(Johnson and Gjovik, 1970). However the attack is species specific, and no action is  
shown toward Douglas fir. In pure culture studies, several Trichoderma species were 
relatively ineffective in degrading dogwood leaves and loblolly pine needles (Danielson  
and Davey, 1973 a), beechwood (Butcher, 1968), and birch and pine blocks (Bergman  
and Nilsson, 1971).
As w ell as a variety o f  polymeric materials, Trichoderma species are one o f  the few  
groups o f  organisms that can metabolise C j compounds. T.lignorum can m etabolise  
methanol, but grows very slow ly (0.029 generation/h). Trichoderma strains can also 
degrade hydrocarbons (Davies and W estlake, 1979, cited in Eveleigh, 1984), and are
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major components o f  populations from soils polluted with oil (Pinholt et al., 1979, as 
cited in Eveleigh, 1984). Many nitrogen sources (ammonium compounds, L-alanine, L- 
aspartate, 1-glutam ic acid, and proteins) are all readily u tilised , although nitrate 
assim ilation is often poor and is  species dependent (D anielson and D avey, 1973 a). 
From the above nutritional patterns, Okuda et al., (1982) suggest that the utilisation o f  
sucrose, raffinose, m elezitose, and nitrate, and their reactions toward tannic and gallic  
acids, can be used as an aid in classification.
Trichoderma sp ecies are excellent producers o f  enzym es. C ellu lase has received  
particular attention in  the utilisation o f  biom ass as a source o f  feedstock chem icals 
(Bungay, 1981). Trichoderma cellu lase is  noteworthy in  that it attacks crystalline  
c e l lu lo s e  th rou gh  th e s y n e r g is t ic  a c t io n  o f  th ree m ajor ty p e s  o f  e n z y m e s :  
cellobiohydrolase, endoglucanase and cellobiases. Cellulase is  generally induced by  
cellu lose and also by lactose and sophorose, this latter feature not being com m only  
fou n d  in  fu n g i. T hrough th e use o f  h y p e r c e llu lo ly t ic  m utants and co n tr o lle d  
ferm entation conditions, extraordinarily h igh  y ie ld s o f  cellu lase (2 % extracellular  
proteins, 70% o f which is cellulase) have been obtained. Scale-up to 150 liters has also 
produced good yields (W atson and Anziska, 1983). W hich is probably related to the 
enhanced amounts o f endoplasmic reticulum, at least in  the mutant T.reesei RUT-C30.
W ith the ability to utilise such a variety o f  substrates and, in  combination w ith being 
able to survive under rela tively  adverse con d ition s, it  is  not too surprising that 
Trichoderma spp. are seen to be general spoilage organisms. They have been found in  
microcosms associated with the deterioration o f  paintings, masonry, rubber, plasticizers, 
polythenes (Pitt, 1981; Rose, 1981) and jet fuel (Sheridan and Soteros, 1974).
1 .5 .6  M etabolite production
W eindling (1934, 1937 and 1941) was the first to show the production o f an antifungal 
metabolite by a species o f Trichoderma i.e., T.lignorum however this fungus was later 
stated to be Gliocladium fibriatum). W eindlirtg^andJEmerson-(T936XisolatedTn
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W eindling and E m erson (1936) iso la ted  in  
crystalline form an organic metabolite very toxic at high dilution to Rhizoctonia solani. 
The m etabolite was later g iven  the name o f  gliotoxin . Brian and M cG owan (1945) 
described a second highly fungistatic antibiotic, viridin, produced by T.viride. Webster 
and Lomas, 1964 eventually questioned whether the gliotoxin and viridin were produced 
by Trichoderma. Re-examination o f the cultures from which these toxins were obtained 
revealed  that the T.viride (Hypocrea rufa) actually  m atched the type iso la te  o f  
Gliocladiutn virens (.H.gelatinosa) (Papavizas, 1985).
A lm ost thirty years after the d iscovery o f  g lio tox in  and viridin, interest has been  
renewed in toxic metabolites produced by species o f Gliocladium and Trichoderma and 
in the role they may play in biocontrol. H ow ell and Stipanovic, 1983 reported on the 
isolation and structure o f  a new toxic m etabolite from G.virens, a diketopiperazine 
(Stipanovic and Howell, 1982) given the trivial name o f gliovirin, that is  active against 
Pythium spp.
Better fermentation and characterisation o f  Trichoderma m etabolites has increased  
interest in  this area. D ennis and W ebster, 1971 (a) show ed that Trichoderma spp. 
produce antibiotics different from gliotoxin  and viridin. However, other chloroform  
soluble antibiotics were produced such as trichodermin (by T.viride and T.polysporum) 
and other peptide antibiotics by T.hamatum.
Trichoderma spp. are not on ly  good  sou rces o f  various to x ic  m eta b o lites  and 
antibiotics, but also o f various enzymes such as chitinase, exo- and endoglucanases, and 
cellobiase (Papavizas, 1985).
1.5.7 B iocontrol applications todate
The antagonistic ability o f  Trichoderma was d iscovered  more than 50 years ago 
(W eindling, 1932) and the potential o f  the fungus to serve as a biocontrol agent was 
already suggested at that early stage. However, only during the last few  years has there 
been a worldwide effort in developing the fungus for commercial use.
2 0
Trichoderma has been noted to be antagonistic to several fungi (Chet, 1987). Before  
1970 much o f the work on biocontrol involved  indirect enhancem ent o f  indigenous 
Trichoderma p op u la tion  by m an ipu lating  the p h y sica l co n d itio n s  w ith in  the  
environment. It has been known that Trichoderma occupy soil that has undergone harsh 
chem ical treatments, but the implications o f  this for biological control is  still open to 
debate. A chronological representation o f  the use o f  Trichoderma against various 
pathogens through the years and its current commercial availability are presented in  
Table 1.2.
Antagonist Pathogen and 
disease
Comment
T.viride Heterobasidium 
lignosus and 
noxius
Altson, 1950
Soil inoculation of antagonist 
following treatment with D-D 
(Dichloropropane-dichloropropylene)
Heterobasidium 
annosum 
root rot of pine 
in acid soils
Rishbeth, 1951,1975 
Applied on to cut stem
Armillaria
mellea
causes serious 
root rots in trees 
and plants
Bliss, 1951
Carbon disulphide fumigation of the 
soil resulted in dominance of 
Trichoderma as they are resistant to 
fumigation and reduced population of 
pathogens
Chondrostereum 
purpureum 
Silver leaf 
disease of fruit 
trees
Grosclaude, 1970 
Applied conidia of Trichoderma to 
wounds during cutting by means of 
special pruning shears
Antagonists inoculated into stem and 
reduces existing symptoms and future 
infection. Commercial trials (Corke and 
Rishbeth, 1981)
Verticillium 
dahliae 
Root rot of 
strawberries
Jordan and Tarr, 1978
Dipped roots of strawberry runners into
suspension of Trichoderma
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T.harzianum Sclerotium rolfsii 
Various rots of 
of stems, bulbs 
etc.
S.cepivorum 
White rot of 
onions
Rhizoctonia solani 
Fruit rot of 
cucumber
V.dahliae 
cucumber and 
cotton wilt
T.hamatum Pythium
and Phytophthora 
etc., damping-off 
of seedlings
Wells, et al., 1972 was the first to 
report large-scale use of Trichoderma 
preparation on solid media (ground 
annual ryegrass seed) for field use.
Abd-El Moity, etal., 1981, 1982 and 
Papavizas, 1981 - used Trichoderma on 
solid substrate
Lewis and Papavizas, 1980
Trichoderma is now applied as seed coat 
or to growing medium against various 
diseases caused by the above mentioned 
pathogens (especially to horticultural 
crops) (Papavizas, 1985)
Fedorinchik, etal., 1975
also used Trichoderma on solid
substrate
Chet and Baker, 1980 - recognised 
its use as a biocontrol agent 
Harmen, et al., 1980,1981 - used as a 
seed treatment
At present the antagonist are used as a 
seed coat or pellet mixed with sterile 
compost, commercially available. 
Possibly with fungicide and a fungicide 
resistant antagonist. Produces 
antibiotics, mycoparasite (Chet, 1987; 
Papavizas, 1985)
Table 1.2 : Trichoderma species exploited as biocontrol agents in  early years and the 
com m ercial ava ilab ility  o f  som e iso la te s  for certain  plant pathogens at present 
(highlighted).
1.5.8 Integrated control w ith  Trichoderma
The use o f  Trichoderma in combination with various chem icals can be achieved by 
either: 1) application o f the fungus simultaneously with a sublethal dose o f  the chemical,
2 ) introduction o f  the fungus im m ediately after so il fum igation or solarisation  to 
prolong the effects of these treatments.
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Curl etal., (1977) found, that small doses o f pentachloronitrobenzene (PCNB) together 
with Trichoderma spp. ( lg  and lOg/g o f soil respectively) in  sterile soil were slightly 
more efficient against Rhizoctonia solani than the biocontrol agent alone. Davet et al.,
(1981) showed that Trichoderma spp. are sensitive to benomyl, but Ahmad and Baker 
(1987) produced a benomyl-tolerant mutant o f  T.harzianum, which was rhizosphere- 
competent when benomyl was added at lOug per gram o f soil. The mutant produced by 
(Ahmad and Baker, 1987) has a significant advantage over the wild-type fungus since it 
can be applied with benomyl, or in fields previously treated with benomyl (Chet, 1990 
a).
D isease control with a combination o f  Trichoderma and solar heating o f  the soil was 
developed in Israel (Katan et al., 1976 a, b) about 12 years ago as a new approach to 
controlling d iseases caused  by soil-borne pathogens. An iso la te  o f  T.harzianum, 
capable o f attacking both R.solani and Sclerotium rolfsii and applied after solarisation 
as wheat-bran preparation im proved control o f  d iseases caused by these fungi on  
potatoes. The combination o f T.harzianum and solar heating o f  the soil reduced the 
inoculum density o f R.solani and retarded its subsequent build-up in both field plots and 
under greenhouse conditions. Neither Trichoderma nor solar heating alone gave as good  
control as the combination treatment (Elad, et al., 1980). L ifshitz et al., (1984) have 
since shown that sublethal heat-treatment causes cracks in the sclerotial rind o f  S.rolfsii, 
thereby enabling heat-tolerant fungi such as Aspergillus fumigatus to attack the 
sclerotia, reduce the inoculum density o f the plant pathogen, and lower the incidence o f  
diseased plants (Chet, 1990 a).
1.5.9 A ntagonistic m echanism s
A wide range o f antagonistic mechanisms can be exhibited by fungi in vitro and in vivo. 
Such antagonism can occur by the production o f volatile and non-volatile antibiotic or 
cell wall-degrading enzymes. However the ecological success o f the antagonist can also 
be governed by its ability to colonise and utilise substrates at the target site thereby, 
allowing it to compete more effectively. Such actions o f antagonists on pathogens do 
not necessarily occur independently o f  one another and successful antagonists may
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exhibit more than one mechanism. Trichoderma species are an excellent exam ple o f  
successful fungal antagonists. Their widespread occurrence and effective colonisation  
potential can be associated with several factors, including their metabolic versatility, 
their resistance to microbial inhibitors, and their antagonism to other microbes (Lynch, 
1 9 9 0 ). A n ta g o n is t ic  m ech a n ism s in c lu d e  - 1) c o m p e tit io n  fo r  n u tr ien ts; 2 )  
mycoparasitism via lytic enzyme production; 3) inhibition by volatile and non-volatile 
antibiotic products; 4) production o f  "siderophores" that may have a role to play in the 
antagonistic mechanism
A detailed review o f each o f  these individual mechanisms is included in the introduction 
to corresponding chapters o f  the thesis.
It is  clear that the potential o f  Trichoderma as a biocontrol agent has been explored  
thoroughly to date for the purpose o f  d isease control in  agriculture. This valuable  
knowledge however, can be extrapolated to analyse the potential o f  these organisms as 
antagonists o f  wood decay fungi. There are still many unanswered questions in the 
agricultural area and to extrapolate from studies in soil to another com plex ecosystem , 
wood is certainly a challenge.
1 .6  W o o d
W ood has served mankind since prehistoric times, and has contributed to his survival 
and to the development o f civilization. Moreover, wood continues to be the raw material 
for a large number o f  products even  in  modern tim es, although other com p etitive  
materials (metals, cement, plastics) are now available. The value o f  wood however is 
preserved in many traditional uses, and grows steadily with its use in new products to 
meet the increasing needs o f man.
After harvesting in the forest, wood is converted into a great number o f  products by 
saw in g , s lic in g , g lu in g , ch ipp ing, pu lp ing, m o d ifica tio n  by im pregnation  w ith  
chemicals, or chemical processing. In chemical processing, the change is so drastic that
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wood origin cannot be recognised. Products o f  primary industrial processing include 
poles, posts, lumber, laminated wood, veneer, plywood, particleboard, fiberboard, pulp 
and paper and, in  turn, these are made into products for final use (furniture, etc .). 
Products o f  ch em ica l p rocessin g  in c lu d e  sy n th etic  fib ers, p h otograp h ic f ilm s, 
explosives, chemicals, and many others (Tsoumis, 1991).
W ood is also an important fuel material for cooking, heating, and production o f  steam, 
which may be utilised as a source o f  energy. About half o f  the world’s production o f  
wood is used as fuel. With the existing energy problems, wood, as a renewable product 
o f nature, is acquiring renewed interest as fuel.
These multiple services are due to certain advantages: wood is aesthetically unrivaled as 
a material, because it is available in a great variety o f colours, textures, and grains. It 
also  g iv e s  a fee lin g  o f  "warmth" to touch  and sigh t, w h ich  is  not p o sse sse d  by 
competitive materials; it is very strong mechanically in relation to its weight; insulating 
to heat and electricity, exhibits little thermal contraction and expansion, and has good  
acoustical properties (utilised in making musical instruments). It does not oxidise (rust) 
and show s considerable resistance to m ild  concentrations o f  acids; m ay be easily  
machined and can be easily bonded by nailing with metal connectors and gluing. W ood  
is the main source o f cellulose which is the basis o f  numerous products. It is found in 
m ost parts o f  the world and is a renewable resource - in contrast to petroleum, metal 
ores, and coa l, w h ich  are gradually but stea d ily  exhausted; and im p ortan tly  is  
biodegradable.
W ood however also has its disadvantages: it is hygroscopic - holds moisture in contact 
with liquid water or water vapour and the gain or loss o f moisture, within certain limits, 
results in  dim ensional changes. It is an anisotropic material - presents differential 
m echanical strength and differential d im ensional changes in d ifferent structural 
directions. It may burn and decay and has variable structure and properties. Because it is 
a product o f  biological processes its production is influenced by environmental factors
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and heredity. As w ith any other material a sound know ledge o f  its advantages and 
disadvantages is prerequisite to the rational utilisation o f  wood (Tsoumis, 1991).
W ood has been used by man for thousands o f years as a cheap and readily available raw 
material w ith  many structural and decorative functions. W ood is no longer cheap  
how ever, and Britain now  imports more than 7 b illion  pounds o f  w ood  and w ood  
products annually (A nonym ous, 1990 ). It is  also no longer p lentifu l and forestry  
management practice in  the technically developed world has resulted in  considerable 
control o f deforestation and decreased exports to the major wood importing nations.
Trees are classified  as hardwoods or softwoods. Hardwood trees are dicotyledonous, 
have broad leaves which are frequently are shed at the end o f  each growing season and 
produce seeds in closed  seed cases. The timber o f hardwoods has relatively  large- 
diameter vessels which form the major arteries for sap conduction. Softwood trees, or 
conifers, have needle-like or scale-like leaves which are also shed annually in som e  
species, but generally these are held longer than a single growing season and the trees 
are known as "evergreens". The wood o f  softw ood species does not have large sap­
conducting arteries, this function being performed by elongated cells called longitudinal 
tracheids.
Softwood trees evolved earlier than the hardwoods. There are more than 500 species o f  
so ftw ood s in  the w orld , m ost o f  w h ich  are found  in the N orthern H em isphere. 
Hardwood species, however, number in the tens o f  thousands with over 110 different 
species o f  timber available in  the U nited K ingdom  alone. The tim ber sp ecies that 
originate from the U K  are three softw ood species D ouglas fir, Scots pine and Sitka 
spruce all o f  which are used for a variety o f purposes (Annonymous, 1991).
1.6.1 W ood  structure and com position
W ood represents the annual accumulation o f  xylem  cells originating from a lateral 
meristem or cambium. The cambium is a continuous ring o f  meristematic cells that form 
around the outer circum ference o f  the develop ing  stem. The cam bial ce lls  d iv ide
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periclinally and form xylem  cells (wood) to the inside and phloem  cells (bark) to the 
outside. There are two general types o f  cambial cells, based on shape and the tissues 
formed. Vertically elongated cambial cells, form the longitudinal parenchyma and the 
tracheids in  the con ifers; and the v e sse ls  and fibers in  hardw oods. H orizon ta lly  
elongated  or cuboid ce lls , form  the radially a ligned  w ood rays, con sistin g  o f  ray 
parenchyma and, in conifers, also ray tracheids.
The vascular cambium divides only during the growing season. In temperate zones, the 
annual accumulations o f xylem often result in abrupt annual rings, usually consisting o f  
a zone o f rapid growth (earlywood) in the spring and early summer and slower growth 
(la tew ood) later in the grow ing season. In tropical zones, annual rings are not so 
apparent in many species, and the differences in growth accumulations probably reflect 
regular seasonal patterns in rainfall. Annual ring elements in conifers consist primarily 
o f tracheids in uniform radial rows.
The outer zone o f  the stem , w hich  contains m any liv in g  parenchym a ce lls , is  the 
sapwood. Sapwood is white in colour in most species and functions for conduction, food  
storage and stem protection. The pith is a small zone at the centre o f the stem, consisting 
o f parenchyma cells and originating as a primary tissue from the ground meristem. As 
the girth o f  the tree expands and the inner sapwood tissues age and recede from the 
phloem , increasing numbers o f  parenchyma cells slow ly die, and the tissue develops 
into heartwood. Significant chemical and structural changes during the transformation 
o f  sapwood into heartwood include the loss o f  starch, the deposition o f extractives, and 
the aspiration o f  the pits in  conifers or the formation o f  ty loses in hardwoods. These 
changes may render the w ood  more resistant to b io lo g ica l attack or decrease the 
permeability, making the preservative treatment more difficult (Desch, 1973; W ilcox,
1973).
The structure o f  softwoods is less com plex than that o f hardwoods, which have more 
cell types. Tracheids make up the majority o f the longitudinal elem ents o f softwoods 
and function both as conductive and strength providing tissu es. As a resu lt m ost
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microscopical effects o f degradation by micro-organisms in softwoods will be observed 
in  the tracheids and it is decomposition o f these elements, particularly the thick-walled  
latewood tracheids, that most greatly affects mechanical properties o f  the wood. A small 
proportion o f the longitudinal elements o f some softwoods consists o f  parenchyma cells, 
either distributed among the tracheids or aggregated to form the w alls o f  resin ducts. 
These elements (resin ducts) may be important in the degradation process because they 
provide ready avenues for longitudinal distribution or because they contain storage 
m aterials and p ossess thin ce ll w alls (longitudinal parenchym a). Other softw ood  
structures o f  importance in wood degradation are the rays, which provide avenues o f  
transverse distribution and often contain large quantities o f  storage materials. Rays may 
consist o f  both parenchyma and tracheid cell types. Removal o f  storage material from 
rays, or destruction o f  ray ce ll w alls, m ay have profound e ffec ts  upon transverse  
movement o f liquids within the wood (W ilcox, 1973).
The tissue functions in hardwoods are the same as in softwoods, but are carried out by a 
large number o f  sp ecia lised  cell types. The bulk o f  the ce ll-w a ll material in m ost 
hardwoods is contained in fibers having relatively small diameters, narrow lumina, and 
thick walls. Like latewood tracheids in softwoods, fibers in hardwoods are the elements 
in which the effects o f degradation by micro-organisms are most often conspicuous and 
have the greatest effects upon mechanical properties o f the wood.
Although the various types o f  w ood elem ents differ w idely  w ith regard to size and 
shape, they share som e sim ilarity  w ith regard to ce ll-w a ll ultrastructure This is 
particularly true o f  softwood tracheids and hardwood fibers. A  typical cell wall o f  a 
tracheid or fiber consists o f  the following layers: middle lamella(ML); primary wall(P); 
and secondary wall consisting o f  an outer (SI), middle (S2), and inner (S3) layer, and in 
some cases a warty layer or tertiary lamella on the lumen surface o f the S3 (Figure 1.1).
The inner cell cavity termed the cell lum en is an inert space occupied by air and/or 
water. The lumen volume, collectively, in most woods is large, and is the critical cell- 
wall zone where most decay fungi initiate the decay process. Another principal cell-wall
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zone initially penetrated by hyphae during wood colonisation and degradation by the 
stain and decay fungi are the pits. Pits (softw oods) are gaps in the secondary wall 
containing a modified portion o f  the adjacent primary walls called the pit membranes. 
Conduction o f water and various solutes between adjacent cells occurs through the pits. 
The types o f pits vary with cell types and plant species (Goldstein, 1977).
W ood cell walls consist primarily o f cellulose, hemicellulose and lignin. In the cell wall, 
cellulose levels are highest in  the secondary wall, hem icelluloses levels are highest in 
the SI and lignin is present at highest levels in  the middle lam ella and primary wall. 
Cellulose is a long, linear polymer consisting o f  B-D-glucose units with (1-4) glycosidic 
linkages, and forms the cell-w all framework. C ellu lose occurs in p lant-cell wall as 
bundles o f  parallel-aligned m olecules termed m icrofibrils. The m icrofibrils contain  
alternating crystalline and noncrystalline or amorphous zones. These two regions are 
known to display different degrees o f resistance to enzymatic attack. The orientation o f  
the m icrofibrils w ith in  the cell w a lls  is  a lso  know n to in flu en ce  som e typ es o f  
microbiological degradation (Wilcox, 1973). The primary wall (PW) consists o f  a loose  
network o f  m ostly axially oriented cellu lose m icrofibrils. The SI and S3 are narrow 
zones in the cell wall in which the cellulose microfibrils are arranged in a flat helix. The 
S2, which composes the bulk o f  the cell wall, consists o f  microfibrils arranged in a steep 
helix , oriented nearly parallel to the longitudinal axis o f  the cell. The m icrofibril 
orientations in the cell wall layers are illustrated in Figure 1.1. The S2 layer is  the most 
important zone o f  the cell wall and is  responsib le for a majority o f w ood-strength  
properties, particularly its remarkable tensile strength.
The hemicelluloses are shorter, liner molecules containing hexose or pentose sugars as 
the monomer units. The monomer units in the main chain are, as in cellulose, connected 
by (1-4) glycosidic linkages. Some hem icelluloses are branched, and most contain side 
chains. The hemicelluloses are deposited around the microfibrils and form the cell-wall 
matrix. Lignin is an aromatic polymer formed by free radical polymerisation o f  three 
types o f cinnamyl alcohols. This constituent is a huge amorphous polymer without a 
regular structure and forms an interpenetrating polymer system around and between the
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h em icellu lose-coated  m icrofibrils o f  cellu lose . L ignin  also provides stiffn ess and 
strength, and is a very durable material and acts as a barrier against microbial attack o f  
the more vulnerable carbohydrates in the cell wall.
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Figure 1.1 - Diagram  o f  a w ood ce ll show ing the organisation and m icrofibrillar  
orientation o f  the major cell-w all layers. The layers are identified from the m iddle  
lam ella  (M L) and inward as primary w all (P ), the S j ,  S 2 , and S 3  com p osin g  the 
secondary wall, and the warty (W) lining o f  the lumen surface (m odified figure from  
Zabel and Morrell, 1992).
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1.6.2 W ood  decom position  : A  target for b io lo g ica l control 
W ood is readily decomposed and recycled in the forest ecosystem by various biotic and 
abiotic agents, however it is a very durable organic material when properly used and 
maintained. The major agents and types o f  wood decomposition can be grouped under 
abiotic and biotic categories and the major types o f  wood damage and their descriptions 
are as listed in Table 1.3.
W ood can be decomposed by micro-organisms either in the standing form in the forest 
or after it is felled. W hen it is  in the form o f  a living tree the organisms involved are 
parasites causing disease and this aspect o f  microbial decom position is more properly 
considered as forest pathology. From the view point o f the w ood user, the important 
organ ism s are gen era lly  th o se  w h ich  co lo n iz e  the w ood  after it is  fe lle d . The 
colonisation sequence o f wood by micro-organisms and the development o f decay will 
be affected by differences in  the type o f  w ood (softwood, hardwood, heartwood and 
sapwood) as discussed in the case o f commercial timbers by Dickinson, 1982. Structural 
and chemical differences constitute part o f the ecological factors that w ill determine the 
process o f  decay. Other factors include: the rate o f  growth o f  the wood when it was 
being formed in the tree; the orientation o f  the grain o f the w ood with respect to the 
source o f invading organisms and water; the moisture content o f  the wood translocating 
the soluble nutrients as it evaporates causing its accumulation; pH and temperature. 
Such factors give rise to a series o f ecological niches which may be filled  by a range o f  
micro-organisms depending upon the particular circumstances (Levy, 1982).
In this thesis micro-organisms associated only with decay o f  w ood in contact with the 
ground and their sequence o f  colonisation w ill be considered. A  w ide range o f micro­
organisms from many diverse taxonomic groups are readily available to colonise and 
destroy wood in contact with the ground. Some are specific to a particular wood under 
certain precise conditions o f exposure. Others are more opportunist and may play a 
different role in the decay process under varying conditions. It is  not possible to define 
or restrict each decay type within taxonomic frontiers,
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Table 1.3 - M ajor types of wood damage and their description (table from Zabel and M orrell, 1992)
Type of damage Causal agent(s) General descriptions Prevention or control
Weathering Ultraviolet light, oxidation, swelling 
and shrinkage, leaching, and fungi
Unprotected surfaces develop a gray 
color and roughened texture
Ultraviolet light-resistant coatings
Thermal decomposition High temperature <200°C, uniform surface britdeness 
>200°C, charcoal in absence of 
oxygen, combustion around 275°C
Fire-retardant chemicals
Chemical decomposition Caustic chemicals With acids wood turns brown, chars, 
and becomes brittle; with bases 
wood bleaches and defibrillates
Chemically resistant woods
Mechanical damage Mechanical forces rupturing surface 
tissues
Selective surface erosion in heavy 
friction zones
High-specific-gravity woods, edge 
grain, or chemically hardened woods
Insect damage Termites
Borers
Ants
Localized honeycomb cavities, wood 
soiled and filled with frass 
Tunnels, cavities, pinholes 
Localized honeycomb cavities, wood 
channels clean
Insecticides or keep wood dry
Marine borer damage Shipworms
Pholads
Gribbles
Interior tunnels with lime-coated walls 
Large interior tunnels—near surface 
Surface tunneling in tidal zone
Protective surface barriers or use 
wood preservatives
Decay Fungi W h ite  fibrous pockets or punky 
texture. B row n  fibrous pockets or 
cubical checking pattern. Soft 
surface embritdement and 
exfoliadon in small fragments
Keep wood dry or use wood 
preservatives
Molds Fungi Colored spores or mycelium on the 
wood surface
Dry wood or use protective chemicals
Stains Fungi Sapwood discolored gray, black, 
brown, blue and intensified in ray 
parenchyma
Dry wood or use protective chemicals
Hay cell and cell-wall damage Bacteria Soft surfaces, ray cells destroyed, 
microscopic tunnels in cell walls
Keep wood dry or use wood 
preservatives
however since the same organism may, given suitable environmental conditions, fill one 
or several ecological niches or physiological groups (Clubbe, 1978).
Studies on the micro-organisms colonising wood and on the sequence o f events leading 
to the onset o f  decay have shown the importance o f  classifying the species involved, or 
the basis o f  their effect on the wood. Six such groupings were recognised by Clubbe 
(1980), based on his own observations and other studies published in the literature. They 
comprised: Bacteria, Primary moulds, Stainers, Soft rots, Basidiom ycetes ( including  
white and brown rots ), and Secondary moulds. The damage caused by each o f  these 
organisms in their order o f colonisation o f ground contact wood is as discussed below.
a) Bacteria - This group includes gram-negative aerobic rods (eg., Pseudomonas) or 
facultatively anaerobic rods (eg., Erwinia nimipressuralis), as w ell as endospore- 
forming rods and cocci (Bacillaceae fam ily) som e o f  which are obligate anaerobic. It 
also  in c lu d es actin o m y cetes  such as Streptomyces sp ec ie s . Knuth (1 9 6 4 ) in  a 
comprehensive exploratory survey o f bacteria in w ood products, traced 198 isolates o f  
Bacillus, Aerobacter and Pseudomonas - all common soil and water inhabitants. These 
m icro-organism s are usually  the primary co lon isers. The attack o f  the w ood  ce lls  
however proceeds very slow ly, as bacteria cannot grow in size, their expansion being  
determined by cell d ivision. Invasion is primarily through the ray parenchyma cells  
although random distribution is  also observed and proliferation results in  increasing  
porosity o f  the wood cells thereby allowing further colonisation. Unless conditions are 
ideal for grow th bacteria do not gen erally , produce s ign ifican t decay in  tim ber. 
However, over very long periods they are known to destroy pure cellulose and are also 
capable o f causing serious damage to lignified tissues (N ilsson and Daniel, 1983) The 
factor most conducive to bacterial damage o f wood is high moisture content. S ince the 
same condition often lim its fungal growth and allow s bacteria to decay w ood  that is  
waterlogged. Bacteria are prevalent even in deeply submerged, water-saturated w ood  
which denotes a special ability of the organisms to develop with extremely little or no 
oxygen (Knuth and McCoy, 1962).
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Greaves (1971) placed the bacteria that colonise wood into four categories: bacteria that 
utilise the cell contents o f  rays and affect the permeability o f wood to liquids but do not 
alter the strength; bacteria that attack the cell walls directly; those that are associated  
with other micro-organisms in w ood and contribute to the decom position process and 
antagonistic bacteria that are inhibitory to other micro-organisms that colonise wood. It 
has been noted that damage to the pit membrane may create passageways from cell to 
cell and in doing so may condition the w ood to favour invasion by decay fungi. The 
bacteria also fix atmospheric nitrogen which provide an additional source o f  nitrogen 
that may enhance fungal growth (L evy et al., 1974; B aines and M illbank, 1976). 
Bacteria also directly facilitate radial penetration by opening up the w ood rays and the 
horizontal resin ducts in  softwoods. Prolonged infestation can result in  serious loss in  
strength o f wood (Eriksson, et al., 1990).
Bacteria as a class may be as remarkable as some o f  the soft rotters and moulds due to 
their tolerance o f  toxic chem icals. B esides their ability to detoxify creosote, bacteria 
have show n a h igh  to lerance o f cop per-chrom e-arsenic, pentach lorophenol and 
tributlytin oxide (Scheffer, 1973). Recently it has been shown that bacteria that were 
isolated  from freshly fe lled , anti-sapstain treated timber could detoxify  m ethylene  
bisthiocyanate (MBT) (Wallace etal., 1993).
b) Primary moulds - These organisms comprise the first fungal colonists and do not 
appear to be capable o f  degrading cellu lose  or lignin. They thrive on the sugars or 
simple carbohydrates present in the ray parenchyma o f  the sapwood or derived from the 
soil. Phycomycetes, Ascomycetes, and Deuteromycetes are all represented in this group. 
M ost troublesom e o f  the w ood  m oulds are species o f Trichoderma, Gliocladium, 
Penicillium Alternaria and Aspergillus. These moulds are airborne, opportunistic fungi 
with hyphae that are normally colourless, but discolour the wood by forming masses o f  
pigmented spores on the w ood surfaces. They discolour surfaces and w ood chips for 
pulping with their coloured spores, and also cause a discolouring blemish primarily o f  
sapwood which can most often be removed by brushing the wood surface. However, the
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discolouration on hardwoods is  often more persistent. It differs from typical fungus 
stains in its comparatively shallow discolouration; mould fungi regularly penetrate deep 
into w ood, but the discolouration occurs m ostly at or near the surface (Zabel and 
Morrell, 1992).
Moulds tend to enter ruptured cells, vessels (hardwoods), and exposed rays, and spread 
from cell to cell via the pits. As they attack the pit membranes, these fungi make the 
wood more receptive to fluids. Treatments with moulds have been proposed as a method 
for improving the permeability of Douglas fir, the spruces, and other difficult-to-treat 
sp ec ies  (Schu lz, 1956; L indgren and W right, 1954). Trichoderma co lon isa tion , 
however, has also been shown to inhibit colonisation o f  pine pulpwood by decay and 
stain fungi during storage (Lindgren, 1952; Hulme and Shields, 1972 a). The principles 
behind this deterrent e ffec t has insp ired  m any workers in c lu d in g  th is author in  
exploiting this for possible biological protection o f wood from decay fungi.
Moulds cause little damage to the structure o f wood they inhabit, provided their action 
does not reach a more aggressive stage where it would be considered soft rot (Merrill 
and French, 1965; N ilsson, 1974). M oulding is heaviest on w ood that has never been  
dried. Green lumber, timber, round wood, and veneer are most susceptible.
c) Staining fungi - M ost staining fungi are in the A scom ycotina or Deuteromycotina. 
Many staining fungi are specific to a region or wood species. The staining fungi can be 
placed into two broad groups. Some o f the fungi, and particularly those in  the genera 
Ophiostoma and Ceratocystis, are closely tied with the life cycles o f  bark beetles and 
other wood-inhabiting insects (Verrall, 1941; Dowding, 1969, 1970) since the spores are 
sticky and transmitted primarily by insects (vectors) and water splashing or aerosols. 
These fungi invade and damage wood primarily during log storage and the initial stages 
o f lumber seasoning. The other group o f stain fungi, such as Aureobasidium pullulans, 
Alternaria alternata and Cladosporium spp. are general opportunists, whose dry spores 
are primarily disseminated in air. These fungi invade wood in a wide range o f  uses when 
conditions are conducive to fungal growth.
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The hyphae o f  the sta in in g  fungi lik e  the m oulds a lso  grow  m ain ly  in  th e ray 
p a ren ch ym a c e l ls  l iv in g  on the p ro te in a ce o u s  co n ten t and rea d ily  a v a ila b le  
carbohydrates, but are also found in tracheids where they grow on the inner cell wall 
surface without any enzymic alteration o f the cell wall structure.
Their growth within the wood is essentially limited to the sapwood. The discolouration 
on softwood products ranges from bluish black to steel gray. The predominance o f  a 
bluish discolouration and restriction to the sapwood have resulted in  the major stains 
being term ed blue stain  or sapstain. On hardw oods th ese colours com m on ly  are 
modified as brown shades. The discolouration may be faint or intense, depending on the 
conditions o f  its development and the species o f  wood (Zink and Fengel, 1988, 1989, 
and 1990). Another feature, observed on freshly exposed cross sections o f  softw ood  
lumber, logs, and other round material, is a marked tendency o f  the stain to appear in  
radial streaks or w edged-shaped areas. This pattern results from the m ovem ent o f  
discolouring fungi inward along the wood rays.
P rotection  o f  lum ber from  sapstain w as largely  accom plished  by k iln  drying or, 
temporarily, by surface treating with water solutions o f conventional antistain fungicides 
like fluorides, boron and organic mercury compounds. This was followed by the use o f  
sodium penta or tetra chlorophenate. But at present the organic mercury compounds are 
banned and the others have different restricted rules o f usage in different countries due 
to the environmental hazards that may be associated with them. Compounds that show  
prom ise in clu d e ox in e  copper, tr ia zo les , m ethyl th io b en zo th ia zo le , m eth y len e  
bisthiocyanate, and several quaternary ammonium compounds. However all these are 
quite expensive and not as effect as penta (Zabel and Morrell, 1992).
d) Soft rot fungi - Findlay and Savory (1950) reported a form o f  w ood  deterioration  
resembling brown rot decay by basidiom ycetes but which differed from it in  certain 
sign ificant details. Later, observing that the deterioration cou ld  result in  unusual 
soften ing  o f  the w ood, Savory (1954) applied the term "soft rot". S o ft rot fu n gi,
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com prise about 300 sp ecies including Chaetomium, Humicola and Phialophora 
species, o f  Ascomycetes and Deuteromycetes (Seehann etal., 1975, as cited in Schmidt 
and Kerner-Gang, 1986) which differ from brown rot and white rot basidiomycete fungi 
as they grow mainly within the woody cell wall. W ood colonisation is initiated through 
rays and vessels.
Soft-rot fungi preferentially attack ce ll w all carbohydrates in  the S 2  layer o f  the 
secondary cell wall, forming longitudinal cavities (Type 1), or eroding the w ood cell 
wall from the lumen surface in hardwoods or the S2  in conifers (Type 2) (some bacteria 
are known to cause typical soft-rot cavities and related tunnel- or cavitation-type  
cavities in cell walls) (Corbett, 1965; Leise, 1970). In the type 1 soft rot o f  softwoods, 
small perforation hyphae penetrate from the tracheidal lumina through the S 3  layer and 
grow after ’T-branching’ longitudinally within the S2  layer. Within the S2  layer, fungi 
often produce hexagonal-shaped cavities, m icroscopically v isib le in  polarised light, 
which follow  the orientation o f  the microfibrils and are arranged like pearl strings. In 
cross sections, cavities are oval-shaped and develop with progressive decay into large 
wall openings. Due to intense lignification, the S 3  layer and the com pound m iddle 
lamella remain unaffected by soft rot decay (Figure 1.2) (Nilsson et al., 1989).
In hardwoods, type 2 soft rotters after eroding the cell wall from the lumen via S 3  layer, 
they burrow towards the com pound m iddle lam ella, accom panied by hyphal slim e  
covers, which is both characteristic o f  white rot fungi (Schm idt and Kerner-Gang, 
1986). Timber in service attacked by soft rot retains m acroscopically its shape and 
becom e spongy in texture with decay proceeding slow ly from the outer w ood parts 
towards the center.
There are some inconsistencies and neglected areas in this grouping o f  the four major 
decay types. For example, some basidiom ycetes form small cavities in the cell wall. 
These resem ble Type 1 soft-rot attack, and the cell wall erosion o f  the Type 2 soft- 
rotters in hardwoods resem bles an early stage o f white rot. Recent studies o f  decay
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caused by several o f  the Xylariaceae (Ascomycotina) have shown that wood damage by 
these fungi is similar to that produced by the simultaneous white rots (discussed later).
(progressive erosion of 
all cell wall components 
from lumen surface)
(rapid chemical attack 
of all cell wall 
carbohydrates)
PW - Primary Wall 
SW -  Secondary Wall 
H - Hypha 
L-Lum en
Figure 1.2 - Diagrams showing the various modes o f cell-wall destruction for white rots, 
brown rots, and the two types o f soft rots (m odified figure from Zabel and Morrell,
1992).
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under the white rot fungi) but also contains typical soft-rot cavities (Kistler and Merrill, 
1968; Nilsson etal., 1989).
Within the woody cell wall, soft rot fungi consume cellulose and hem icellulose. Lignin 
is  attacked only to a sm all extent. The greater tendency o f  hardwoods to decay as 
compared to softwoods and the preference for latewood tracheids o f conifers result from 
differences in amount and type o f lignin  in these timber groups and from the lignin  
distribution within the woody tissue. The composition o f the hemicellulose portion also 
influences soft rot fungal activity (Montgomery, 1982).
S o ft rot fungi d ecay  w o o d  under stressfu l m icro-en v iron m en ta l reg im es ( i .e .,  
perm anently w et w ood, such as coo lin g  tow ers, harbour posts and sh ips). W ood  
constantly in ground contact, such as transmission poles, railroad ties, fence posts, is 
also affected as in w ood in  the center o f  chip p iles. Fungal requirements for w ood  
moisture range widely from fiber saturation point (with the ability to survive under dry 
conditions) up to growth in  nearly water saturated wood. The varied temperature range 
o f soft rot fungi includes thermophilic species and enables them to destroy the warm 
timber in sunny w indows (Schmidt and Kerner-Gang, 1986). Soft rot fungi are also 
capable o f growing at extreme pH ranges for exam ple, Chaetomium globosum start 
growth at pH-values between 3 and 11. Soft rot decay is however limited by the soluble 
nitrogen content that is present in wood (Savory, 1954). King et al., 1974 have shown 
that during drying o f  wood, soluble nitrogenous materials and carbohydrates migrate 
with water to wood surfaces where they are deposited after evaporation. However, since 
much o f  the nitrogen is in  the form o f  w ood  cell wall protein, it is  not available to 
microfungi until breakdown has occured. Microfungi are therefore dependent on soluble 
nitrogen before they can decay wood, hence the form and distribution o f  nitrogen in  
w ood probably exercise  a controlling in flu en ce on their d evelopm ent. This was 
confirmed by several workers, Garrett (1963), Findlay (1966) and Levy (1968) who 
observed most active soft rot decay in timber that were in contact with soil or with water 
containing nutrients in solution.
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Soft rot fungi degrade also the heartwood o f timber species which possess a high natural 
resistance to other fungi such as bongossi or teak. Furthermore, these fungi are highly  
tolerant o f chromated fluorine salts which are used for the preservation o f  weathered 
w ood to brown and w hite rot fungi. Serious problem s occur w ith hardw oods. In 
Australia, for instance, hundreds o f thousands o f  eucalyptus transmission poles, treated 
with chromated copper-arsenic, showed premature failure by soft rot (Schm idt and 
Kerner-Gang, 1986).
e) B asid iom ycetes - The mem bers o f  this group are regarded as the major w ood  
degrading fungi. Two major types o f decay are recognised based on action within the 
wood and on reaction o f  the causal fungus to tests for extracellular oxidase (N obles, 
1965). The major subdivision into white and brown rots was made in 1874 by Hartig, 
based on the colour o f the residual woods and the assumptions that whitish material was 
cellulose (white rot) and the brownish material, lignin (brown rot). Subsequent research 
established that white-rot fungi actually utilised all cell-w all constituents (cellu lose, 
hem icellu lose, and lignin) (Cam pbell, 1932; Scheffer, 1936), but the early dogm a  
persisted for many years. The grouping o f  decay into white- and brown-rot categories 
remains a major subdivision, reflecting very different chemical processes in the decay o f  
wood.
Like all other fungi the wood-inhabiting fungi have certain growth requirements for 
survival. These include free water, i.e ., water which is present on the surface o f  cell 
lumina; atmospheric oxygen at relatively low  levels for most fungi and very low  levels  
or chem ical oxygen  only for som e m icroaerobic and facultative anaerobic fungi; a 
favourable temperature range, optima for most the basidiomycetes range from 20 - 36 C 
; a digestible substrate (wood) that provides energy and metabolites for synthesis via  
metabolism; a favourable pH range, the optima for basidiom ycetes range from 3 to 6  ; 
and other chem ical growth factors like nitrogen compounds, vitam ins, and essential 
elements that are often included with the substrate.
41
Brown rot fungi
Brown rotted w ood is  so described since after utilisation o f  the homo cellu lose, the 
fungus leaves only the brown, brittle and friable residue o f  lignin. These fungi invade 
the w ood  through the rays and spread through both the p its  and by tran sverse  
penetration with microhyphae throughout the tracheid walls. In contrast to soft rot fungi 
brown rot fungi grow mainly within the cell lumina in close contact with the surface o f  
the tertiary wall.
Within wood, cellulose depolymerisation by brown rot fungi requires a pre-cellulolytic 
phase (Bailey et al., 1968) which makes cellulose fibers accessible to cellulases and this 
is  thought to occur through the action  o f  Fe^+/H 2 0 2  (K oen igs, 1974). W hich  is  
increased i f  the h em icellu loses are rem oved. The predecom posing agents and the 
enzymes penetrate the more resistant tertiary wall and diffuse into the S2  layer where 
they remove the carbohydrates totally and leave the lignin as a skeleton (Figure 2). A  
more detailed review  o f  the enzym ic degradation by the brown rot fungi is  g iven  in  
chapter 4.
W o o d  s tr e n g th  p r o p e r t ie s  m ay be r e d u c e d  th ro u g h  fu n g a l c a r b o h y d r a te  
depolymerisation by about 50% during early decay when mass losses account for only a 
few percent. As parasites some brown rot fungi may attack living trees through the roots 
eg. Phaeolus (Polyporus) schweinitzii (Scheffer et al., 1941) and Sparassis crispa 
(radiata) (Siepmann, 1976), or via stem wounds like Laetiporus sulphureus. Various 
other brown rot fungi like Gloeophyllumspp., (Silverborg, 1953; Cartwright and 
Findlay, 1958; Duncan and Lombard, 1965; W alters, 1973) and Paxillus panuoides 
(C oggins, 1980) decay stored timber. Degradation o f  lumber in  service outside also 
occurs e .g ., by P.panuoides in m ining tim ber. The fungus Neolentinus lepideus 
destroys the heartwood o f creosote-treated poles and ties by reaching it through crevices 
which occur after impregnation of improperly seasoned w ood (Cartwright and Findlay, 
1958; Bruce and King, 1983). The fungus tolerates dry and warm conditions in latent 
state and has a high resistance to creosote. Daedalea quercina decays oak heartwood 
which is generally resistant to most fungal degradation (Cartwright and Findlay, 1958;
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Coggins, 1980). Gloeophyllum abietnum mdG.sepiarium are important brown-rotters 
o f  softw ood joineries where they can survive periods o f  dryness and heating up by 
sunshine (Lea and Bravery, 1986).
Major brown rot fungi in  buildings (Coggins, 1980) are Coniophora puteana which  
produce fine blackish strands and is found in fresh w ood o f  buildings, Fibroporia 
vaillantii and other Poria spp. (Eslyn and Lombard, 1983) form white flexible strands. 
The ’true dry rot fungus’ Serpula lacrymans (the name given is  deceiving as they are 
unable to grow in wood with less than 20 % moisture content) are found in older houses 
in  cool temperate regions, usually in basement and ground-floor timber and form thick 
grayish strands (Theden, 1952, Coggins, 1980). The last mentioned fungus causes most 
damage as it is able to grow by its strands through non-woody materials such as mortar 
layers between stones and to transport water from moist wood to dry wood (below fiber 
saturation point) which facilitates its rapid spread throughout buildings in  temperate 
climates (Walchli, 1980).
White rot fungi
Degradation o f the cellulose, hemicellulose and lignin by the white rot basidiomycetes 
results in bleaching o f the wood. Depending on the fungal species and stage o f  decay, 
the degradation o f carbohydrates and lignin can occur either simultaneously (Trametes 
versicolor) or selectively  with faster lignin  degradation in  the early stages o f  decay  
(.Heterobasidion annosum).
Cell wall deterioration can occur through production o f bore-holes which develop with  
progressing decay into larger wall openings. M ainly however hyphal growth on the 
surface o f  the tertiary wall in the lumina result by enzymatic activity in the production 
o f erosion troughs. Enzyme action is restricted to the vicinity o f  the hyphae, which are 
embedded in a slime layer and produce lysis zones (Leise, 1970). The S2  layer is more 
rapidly degraded than the tertiary wall and the compound middle lamella (Figure 2). The 
m acrostructure o f  the rem aining w ood  may lo o k  a w hite pocket hole. The actual 
enzymic mechanism o f white rot decay is reviewed in chapter 4.
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White rot occurs predominantly though not exclusively in hardwoods where fungi such 
as the Heterobasidion fomentarius are involved  in  the decay o f  old and weak trees. 
Important forest pathogens are the honey fungus Armillaria mellea (K ile , 1981; 
Thompson and Boddy, 1983) which parasitically attacks a wide range o f hardwoods and 
softw oods and forms special strands (rhizom orphs), and Heterobasidion annosum 
(Chase and Ullrich, 1983; Stenlid, 1985) (butt rot o f  conifers). Various white rot fungi 
have a narrow host range or are specialised on heartwood, e.g., Polyporus squamosus 
are found causing top rot mainly on Elm, Sycam ore and Walnut (Rayner and Boddy, 
1986), while Stereum species (Boddy and Rayner, 1982) are slow white rotters in stored 
timber such as Oak. Pulp wood chip piles may also suffer from white rot (Bjorkman and 
Haeger, 1963). Schizophyllum commune (Rayner and H edges, 1982) and Trametes 
versicolor (Cartwright and Findlay, 1958) are ubiquitous fungi, the latter being one o f  
the m ost vigorous wood destroying fungi causing up to 95% weight loss in the w ood  
blocks used under laboratory conditions. As construction wood is mainly made from  
softwoods, white rot fungi occur rarely within buildings (Schmidt and Kerner-Gang, 
1986).
f) Secondary moulds - These fungi do not appear to alter the structure o f  w ood but do 
possess an active cellulase system. Their position in the succession pattern o f organisms 
in  wood as final colonisers seems to be associated with the appearance and eventual 
dom inance o f  the decay fungi, particularly the basid iom ycetes. The ro le o f  these  
secondary colonizers, predominantly Trichoderma viride and Gliocladium roseum, is 
probably one o f utilising the excess cellulose sugars derived from the breakdown o f  the 
wood, by the decay fungi. This cellulose food source may be a true nutritional excess, or 
become available as a result o f competition between the two groups o f organisms for the 
partially decayed substrate (Levy, 1982).
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1.6.3 W ood  preservation
As the value o f the raw material, wood, is constantly rising and wage costs for repairing 
and renewing attacked wood are increasing, it is therefore econom ically important to 
prolong the service life o f wood.
W ood-destroying fungi especially  soft rots and basidiom ycetes present the greatest 
hazard to the econom ic use o f  wood. The im portance o f  controlling them  has been  
recognised since man’s earliest times. By the middle o f the eighteenth century it was 
known that copper sulphate stopped decay (Boulton, 1744), and 50 years later Chapman 
(1 8 1 7 ), illustrated  the in terest in  the u se o f  ch em ica l control m ethods w hen  he 
complained that "almost every chemical principle or compound o f any plausibility has 
been suggested in the course o f the last five years and submitted either to the admiralty 
or navyboards; but the m ultiplicity and contradiction o f  opinions form ed nearly an 
inextricable labyrinth". Thus, over 100 years ago, before Hartig had discovered that 
decay was caused by fungi (1874), it was known that decay could be controlled either 
by keeping wood dry or by treating it with certain chemicals (Refs as cited in  Schmidt 
and Kerner-Gag, 1986).
The relative values o f the end products generally determine the nature and cost viability 
o f  the feasib le  control treatments. In todays modern so c iety  four main groups o f  
protecting methods are common:
1) ’Natural methods’ are based on naturally decay-resistant wood. D ecay resistance 
varies widely among species e.g., species such as cypress and cedars are very durable in 
com parison to b eech  and m aple. D ecay resistan ce is  h igh est near the sapw ood- 
heartwood interface and decreases toward the pith for many durable species. The nature 
and amount o f  tox ic  extractives in  the heartw ood appears to be the major factor  
affecting decay resistance. The primary toxic heartwood extractives are the polyphenols, 
terpenoids, tropolones, and tannins. The use o f  durable w oods as replacem ents for 
preservative-treated materials may increase in som e environmentally sensitive areas.
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H owever, such durable timbers are becom ing more expensive due to the increasing  
demands.
2) Protection o f  green timber during storage can be achieved by either rapid utilisation, 
arranging the major storage period to begin during a cold season; storage under water; 
and water sprinkling or spraying. The actual controls practised vary greatly with species, 
periods o f  storage, end product use, region, and size and sophistication o f  the industry. 
For low-cost items with short-term storage, practices are followed to keep the units wet; 
for long-term storage, the wood is peeled so it can dry out as rapidly as possible. For 
high-cost item s water im m ersion is necessary. W ood that has survived the storage 
period and is used in construction can also be saved from decay by follow ing special 
construction practices that avoid conditions such as dampness (Zabel and M orrell, 
1992).
The methods o f protection discussed above are purely physical preventitive practices, 
the most common method for protection o f high-cost and long-term usage or storage o f  
timber is chemical treatment. Chemical preservation is necessary i f  the above methods 
are inadequate. For example, the expected service life  of beechwood railroad ties is 45 
years or even more when properly treated, but only 2 years when untreated (Schmidt 
and Kerner-Gag, 1986).
S p ec ific  chem icals and treatm ents are recom m ended according to the 5 hazard  
categories o f  w ood:- above ground covered  (dry), above ground covered  (risk o f  
wetting), above ground not covered, in contact with ground or fresh water and in  salt 
water. Such hazard groups are based on the European wood decay hazard categorisation 
as found in EN 335 specifications.
Chemical preservatives for wood can belong to 3 categories:
1) Water-borne preservatives - These are m ostly inorganic salts, such as fluorides or 
borates, which are used only within buildings as they are leached by water. Other salt
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mixtures contain chromium which fixes the components to the woody tissue. Chromated 
fluorides (CF) or fluoroborates (CFB) are used for outside wood that are not in contact 
with the ground. W ood in constant ground contact (e.g.,poles) or in flowing water (e.g., 
cooling towers) need to be preserved with a more permanently fixed preservative such 
as chromated copper salts (CC) to be protected against soft rot fungi and additionally 
arsenic (CCA), boron (CCB), or fluoride (CCF) against the various basidiomycetes. The 
CC-wood preservatives are also strong inhibitors o f bacteria. A ll these chemicals are in 
use in various parts o f Europe however, CCA is under restricted use in the U SA  (Zabel 
and Morrell, 1992).
2) Oilborne Preservatives - D ifferent distillates o f  coal tar oil (creosote) due to their 
volatile character are only used for timber outside, mainly in a heavy variant for railroad 
ties and in a lighter consistency for transm ission poles or posts. Another oil-borne  
fungicide Pentachlorophenol(PCP) was used in the form o f  sodium-pentachlorophenol 
for the protection o f green timber during transport up to processing in some countries, 
but is still in use in the UK. It has been largely replaced due to possible health risks 
associated with its use. Copper Napthenate, a copper com plex o f  naphthenic acids 
derived from the oil-refining process, has recently been promoted as a PCP replacement. 
It has been reported to be 20 times less toxic to humans than penta (Zabel and Morrell, 
1992).
3) Organic solvent based wood preservatives - which contain organic biocides , such as 
tributyltin oxide, Xyligenes as fungicides, and Lindane or pyrethroides as insecticides, 
have been em ployed for inside and outside use for out o f  ground contact situations. 
Internal use o f such biocides however may be restricted by national regulations which  
may vary from country to country.
Tributyltin oxide (TBTO) is used extensively in Europe to protect w indow  and door 
frames and in many marine paints. In the United States, TBTO has been used primarily 
for treating m illwork, particularly where rapid rem oval o f  the solvent treatment is 
desired. It has not performed w ell in ground contact, where fungi have been shown to
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degrade this chem ical. R ecent reports about the dam age to sh e llfish  from  TBTO  
leaching from antifouling paints may lead to further restrictions on the use o f  this 
chemical in most countries.
Copper-8 -Quinolinolate also known as Cu-8  or oxine copper, has the lowest mammalian 
toxicity o f  any wood preservative currently used for w ood treatment (U .S. Food and 
Drug Adm inistration). It is  the only preservative approved for direct food  contact. 
However, its high cost and questions about its performance in  direct ground contact 
have largely limited its use.
In addition to the above categories for special products and uses additional preparations 
exist such as fumigants or oil-salt mixtures (Zabel and Morrell, 1992).
Application o f preservatives depends on the suitability o f  the timber species which  
varies from treatable types such as pine sapwood to refractory species such as spruce 
and also the required time period o f  protection. The various methods may be grouped 
into 3 categories:
1) Short-term treatments, involving dipping or spraying o f fungicides onto lumber or log  
surfaces, are available to protect logs and lumber from sapstains and early decay during 
storage or seasoning.
2) Long-term treatments are necessary for w ood used when conditions conducive to 
decay prevail. These treatments are often subdivided into nonpressure and pressure 
treatments.
The nonpressure treatments include dipping, brushing, spraying, and soaking the wood  
in a preservative. This treatment type provides only a thin shell o f  treated w ood and 
provides useful protection to wood exposed above ground and subject to intermittent 
w ettin g . It is  o f  m in im al va lue to w ood  in  ground co n ta ct and g en era lly  not
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recommended. Pressure treatments are necessary to protect w ood exposed to decay  
conditions in high value structures.
Pressure treatments use combinations o f pressure, vacuum, and elevated temperatures to 
force the preservative solutions deep into the wood. Long-term protection requires that 
the penetration exceed the depth of subsequent cracks that are potential infection sites. 
There are many treating schedules which involve use o f pressure. These use pressure 
treatments o f  up to 150 - 200 pounds per square inch (psi) (1050-1408 kPa) which may 
be applied between certain intervals o f  time and follow  special schedules according to 
type o f preservative and timber species. They yield deep penetration and high retention 
o f the preservative. Double vacuum treatment for sem i-finished w ood products uses 
alternating vacuum and low  air pressure (Schmidt and Kerner-Gag, 1986; Zabel and 
Morrell, 1992).
3) Remedial treatments such as ground line pastes, or fumigants are useful for arresting 
decay that occurs in treated wood in service.
W ood preservatives are tested and compared for their effectiveness by petri-plate and 
soil-block tests (European standard tests that allow assessment o f  toxicity o f individual 
preservatives against wood decay basidiomycetes (EN 113) and soft rot fungi (CEN/TC 
38 N 682) and other equivalent national and international standard tests), and the  
exposure o f  treated stakes in decay cellars, field-stake tests,or wood-assem bly tests. 
H ow ever, after m any years o f  p reservative use to lerance or resistan ce to w ood  
preservatives has developed among some o f the common decay fungi e.g., resistance o f  
the brown rot fungi Postia placenta to copper naphthenate (Zabel, 1954) and white rot 
fungi Irpex lacteus to creosote (Cowling, 1957). The resistant strains o f decay fungi are 
generally used as test fungi in the evaluation o f  new wood preservatives. Information on 
the tolerant decay fungi associated with a specific wood use is valuable information with 
regard to the selection  o f the preservative and its retention level. Major research is 
needed in the development o f  effective, econom ical, and environmentally acceptable 
wood preservatives. The exploration o f  biological control provides a possibility for the
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future protection o f the enormous amounts o f  w ood that is  used  under conditions  
conducive to decay.
1 .7  B io lo g ic a l  co n tro l in  w o o d
Preservative treatment systems, currently in use for decay in wooden structures, involve  
the application o f  tox ic chem ical com pounds into w ood. H ow ever, as a result o f  
increasing pressure from environm entalists, who are concerned about the harmful 
effects o f such chemical biocides, w ood preservative companies have been forced to 
seek alternative environmentally acceptable treatment technologies. B iological control 
may provide one such alternative, either in  conjunction w ith  le ss  tox ic  chem ical 
treatments or as a com plete treatment. A lthough to date there are few  exam ples o f  
com m ercially successful bioprotection system s for w ood products, the pressure to 
reduce chemical application suggests the need for continual evaluation o f these systems. 
This mirrors a similar trend in  agriculture where removal o f registration o f  various soil 
fum igants has le ft a vacuum for e ffic ien t control and lead to the d evelopm en t o f  
appropriate biological control systems. B iological control research in  agriculture has 
contributed valuable information towards the development o f  similar control systems in 
wood, however some vital differences exist between the control o f  plant pathogens and 
wood decay fungi as highlighted by Bruce, in  Palfreyman and Bruce (1993). Som e o f  
these differences are outlined below :
i) Period o f protection
Control o f plant diseases may require in som e cases to be effective over just the one 
growing season. In wood, prevention o f  decay by bioprotectants may have to remain 
effective for anything up to 40 years depending on the expected service life o f  wooden  
structures. i)
ii) Efficacy o f the system
In agriculture it may be reasonable to accept a 95% yield using biocontrol in comparison 
to a 1 0 0 % yield with chem ical control, especially i f  other constraints eg. legislation  
make the biological control an attractive alternative. The same is not applicable in wood
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however, as the strength and stability o f wooden structures are often compromised even  
with minimal wood degradation.
iii) Availability o f nutrients
Though soil may not be classed as an ecosystem  with high nutrients, its resources are 
replenished by regular supplies from the plant residues and exudates, w ood however 
la c k s  th is ren ew a b le  su p p ly  o f  nutrien ts. T h is has m ajor im p lic a tio n s  on  the  
development and use o f  biocontrol since extended growth may be limited by a lack o f  
nutrients.
iv) Delivery systems
In agriculture delivery system s for biocontrol agents are sim ilar to those used for  
chemical pesticides, but the same transfer o f  technology cannot be expected for w ood  
preservatives as they are generally impregnated at high temperatures which would be 
tota lly  unsuitable to deliver liv in g  organism s. Therefore new  avenues need  to be 
explored for the development o f appropriate delivery systems in wood.
v) Target specificity
O nce w ood is  fe lled  a range o f organism s can co lo n ize  and degrade it. The sam e  
situation also exists in agriculture but the plants natural defense mechanisms reduce the 
range o f  pathogens which any subsequently applied biocontrol agent w ould have to 
control. In w ood the biocontrol agent may potentially have to control more than one  
pathogen and indeed in som e instances may be expected  to control a w ide range o f  
decay agents.
The choice o f  any biocontrol agent is  very much lim ited by the organisms ability to 
establish itself in the environment o f its target. There are a number o f biocontrol agents 
that are currently at or near to com m ercial use in the agricultural industry as stated  
earlier, however, few if  any have been commercialized for preventing wood decay.
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One reason for this slow  rate o f  progress may relate to concerns about the potential 
effica cy  o f  the process and the practical d ifficu lty  and exp en se o f  setting up the 
necessary field trials to test biocontrol products. W hile many laboratory investigations 
have shown antagonism between potential control agents and w ood decay organisms 
only a lim ited number o f  field trials have been undertaken. Since wood is a relatively 
low  nutrient environment a high percentage o f control agents successful in autecological 
studies might not repeat the successful control on transfer to the field. In addition all too 
often the exact mechanism o f the antagonism between the control and decay agents has 
not been identified making appraisal o f  field performance even more difficult.
Earlier literature cites several instances where researchers noted interactions in  which  
one fungus apparently limited attack by another in wood, but direct attempts to exploit 
organisms for this purpose as biological control, began only in the early 60’s. The use o f  
fungi to protect wood from decay was advanced by a number o f  researchers (Ricard and 
B ollen , 1967; N elson , 1969; K allio, 1971; H ulm e and S h ield s, 1972 b) based  on  
findings in control o f agricultural pathogens (Baker and Cook, 1974).
In a biological control project, a control agent is introduced into the wood either through 
a freshly cut stump, or by inoculation into a hole drilled in the wood. In practice, control 
o f  established pathogens is  extrem ely d ifficult, and m ost strategies seek  to prevent 
colonisation  or protect the host from  attack. Thus, b io log ica l protection is  a more 
appropriate term for this strategy (Freitag et al., 1991). The control agent then colonises 
the w ood to prevent any subsequent fungal in vasion  by the pathogens The use o f  
bioprotection is based on two critical points; the fungus must be capable o f completely 
colonising the substrate without damaging the wood, and the protection must be long­
term. These two requirements have severely lim ited the list o f  potential bioprotectants 
(Preston et al., 1982).
The first attempts to employ bioprotection in wood were directed at preventing fungal 
colonization o f  freshly cut stumps by Heterobasidion annosutn with application o f  
Peniophora gigantea (Rishbeth, 1963). Subsequently Ricard et al., (1969), Hulme and
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Shields (1972 b) and Graham (1973) all examined the use o f  biocontrol to protect felled  
timbers and finished wood products. Ricard and Bollen (1967) used Scytalidium sp. to 
inhibit Antrodia carbonica in  D ouglas fir p o les. They reported that an antib iotic  
produced by Scytalidium was responsible for control o f  the wood decay fungi. Although 
effectiveness o f this agent was debated, the findings stimulated additional research.
Several workers found that Trichoderma sp. inhibited the growth o f  w ood-decaying  
fungi (Glaser etal., 1959; Lindgren and Harvey, 1952; Sheilds and A twell, 1963). In 
one series o f experiments performed by Sheilds (1968), freshly cut ends o f  birch logs, 4  
feet in length, were sprayed with a spore suspension of Trichoderma viride and two 
weeks later sprayed with a spore and m ycelial suspension o f Polyporus adustus. The 
logs were then stored from May until late Novem ber and, at the end o f  this period, 
fungal isolations were attempted. Trichoderma viride alm ost com petely prevented  
co lon isation  by the w ood-destroying fungus. B o lts  sprayed on ly  w ith  Polyporus 
adustus yielded many iso lates o f that fungus, and control bolts sprayed w ith water 
yielded a variety o f  wood-destroying and w ood staining fungi. Earlier experiments by 
the same authors (Shields and Atwell, 1963) gave less successful control, and in some 
bolts unidentified basidiomycetes had caused attack in Trichoderma-sprayed bolts. It 
was suggested  that Trichoderma inh ib its the attack o f  w ood-destroying fungi by  
removing some structural carbohydrates from the wood which are necessary for rapid 
colonisation and initiation o f decay by wood-destroying fungi and that the mechanism  
did not appear to involve antibiotic production (Hulme and Shields, 1970).
Much o f the research work since then has concentrated on the use o f Trichoderma spp. 
as possible control agents for wood decay fungi (Bettuci et al., 1988; Bruce, 1983; 
Bruce etal., 1990; Bruce and King, 1986 a,b ; Highley and Ricard, 1988; Morrell and 
Sexton, 1988; Morris, 1983; Murmanis et al, 1988 b; Nelson and Theis, 1985; Seifert et 
al., 1 988). R ev iew s artic les  have a lso  b een  p u b lish ed  on  d ifferen t a sp ects  o f  
Trichoderma by Eveleigh (1984), Papavizas (1985) and Chet (1987). Trichoderma has 
received much attention because o f  the encouraging results with this genus in earlier 
studies (H ulm e and S h ields, 1970, 1972 b; Ricard et al., 1969) and the fact that
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Trichoderma spp. have been widely studied as potential control agents for a w ide range 
o f plant pathogens in agricultural system s (Papavizas, 1985; Tronsmo, 1986). Other 
micro-organisms have also been studied for application as biological control agents to 
protect wood decay including bacteria (Benko, 1988; Bernier et ah, 1986; Preston et ah,
1982) and other m icrofungi (H igh ley , 1989; K ellock  and D ix , 1984; M orris and 
Dickinson, 1981; Seifert etah, 1988).
Although successions and interactions o f Trichoderma and many pathogens have been 
studied exten sively  (Shigo, 1967; E slyn, 1970, 1986; T olle , 1971; G reaves, 1972; 
Smith, 1973; Kaarik, 1975; Rayner and Todd, 1977; Zabel etal, 1980, 1985; Gramss, 
1987; Przybylow icz et ah, 1987; Chapela et al., 1988), few  reliable bioprotection or 
biocontrol systems have been generated from this research. This is  also likely to be due 
to the d ifficulties that are associated with production o f bioprotectants against w ood  
decay in comparison to plant pathogens as discussed in section 1.7.
The use o f b iological agents to control decay o f  creosoted distribution poles using  
Trichoderma and Scytalidium sp ecies has been reported by a number o f  authors 
(Ricard, etal, 1969; Ricard, 1976; Bruce, 1983; Morris, 1983; Bruce and King, 1986 a, 
b; Bruce et ah, 1990). These field  studies, have shown variable, and lim ited success  
com p ared  w ith  fa v o u ra b le  lab oratory  o b serv a tio n s  o f  a n ta g o n ism  b e tw e e n  
Trichoderma, Scytalidium and som e w ood decay organisms com m on in creosoted  
w ood  p o les . H igh ley  and Ricard (1 9 8 8 ) sh ow ed  that w ood  b lock s treated  w ith  
Trichoderma species could be protected from attack by selected brown rot fungi.
Bruce and King (1983) found that wood blocks could be protected from Neolentinus 
lepideus by Trichoderma spp. even after k illing the Trichoderma and leaching the 
wood. Morris et ah, (1986) confirmed this residual protection against N.lepideus but 
found that the decay resistance was lost after extended leaching. Morrell and Sexton
(1 9 8 8 ) h ow ever, found o n ly  lim ited  su cc e ss  by Trichoderma in  arresting the  
development o f  decay fungi in wood blocks. Bruce, King and Highley (1991) showed  
that wood blocks removed from a distribution pole previously treated with a biological
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control product (Binab FYT pellets - seven years after treatment) when exposed to soil 
block tests with selected basidiomycetes could resist decay. The blocks were removed  
from  region s o f  p o les  w here Trichoderma co lo n isa tio n  had b een  confirm ed  by  
ex ten siv e  sam pling and com puter m apping o f  m icrobial inhabitants. A ny decay  
prevention was lost however when the w ood was steam sterilised prior to exposure to 
the basidiomycetes.
A Swedish bioprotection formulation, Binab T was developed by Dr. J. Ricard which  
has been marketed in  Europe for protecting Scots pine and later commercialized for use 
in  the United States. The pellets o f Binab contain mixtures o f the mycelium and spores 
o f  naturally occurring species o f  Trichoderma polysporum and T.viride. The potential 
use o f  Binab T pellets include suppression o f wood infesting organisms such as Poria 
carbonica and Neolentinus lepideus for utility poles, fence posts, and wood playground 
equipment. Many researchers have worked with such pellets and there is considerable 
debate concerning the long-term effectiveness o f  this formulation (Morris et al., 1984; 
Morris and Dickinson, 1981; Bruce and King, 1983).
Recent tests on Southern pine and Douglas fir suggest that this bioprotectant cannot 
completely control the numerous decay fungi associated with these species (Morrell and 
Sexton, 1990). In addition, the agent was unable to com pletely eliminate decay fungi 
already established in the wood, nor did it perform w ell against white-rot fungi. Brown- 
rot fungi are an important component o f many decay systems, but recent studies have 
shown that white-rot fungi are far more common in  coniferous woods than previously  
thought (Zabel et al., 1982; Graham and Corden, 1980; Eslyn, 1970). The influence o f  
resident w ood organism on the colonisation  o f  an introduced biocontrol agent was 
evident in the extended field  studies done by Bruce and King (1986 a and b). They  
inoculated 40 recently creosoted transmission poles with either Trichoderma (in the 
form o f Binab FYT pellets) alone, N. lepideus alone, or Trichoderma follow ed by N. 
lepideus, and tried to reisolate these after 0-18 months; it was observed that the spread 
o f  Trichoderma, and to a lesser extent N. lepideus, was influenced by fungi already
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resident in the poles, e.g. Cladosporium resinae, leaving areas uncolon ised  by the 
biological control agent which would be open to attack by N. lepideus.
As discussed earlier in section 1.7 agriculture can withstand incomplete protection (as 
measured by yield loss in disease control), however the presence o f  small amounts o f  
decay that can subsequently enlarge to destroy additional w ood cannot be tolerated in a 
large wood structures. As a result bioprotection does not appear to be feasible without 
the use o f  supplemental treatments that alter the ecology o f  the wood to favour growth 
or activity o f  the bioprotectant. For example, chem ical pretreatments to elim inate any 
competing fungi may provide an edge to the bioprotectant, which is applied some period 
o f time after chemical treatment (remedial treatment).
1 .8  A im s  and  O b je c tiv e s
T he m ajor aim s o f  th is research  program m e w ere to id en tify  the a n ta g o n istic  
mechanisms that Trichoderma spp. employ against wood decay fungi and to determine 
which are likely to be most important during biocontrol o f wood decay fungi in vivo i.e., 
in wood.
Though much work has been undertaken to engineer better biocontrol agents for wood, 
the rate o f progress has been slow and this has increased the concerns o f  end users over 
the potential efficacy o f biocontrol processes. Although many laboratory investigations 
have shown antagonism between potential control agents and w ood decay organisms, 
only a lim ited  number o f  fie ld  trials have been undertaken. The uncertainities and 
differences between the results o f  field  and laboratory experim ents may be due to a 
number o f  factors and more information is required to allow  full exploitation o f  this 
developing technology. This is  particularly important with regard to the antagonistic 
mechanisms o f the biocontrol agents.
The major objective o f this study was to identify the principle antagonistic mechanism  
or m ech an ism s in v o lv e d  in the con tro l o f  se le c te d  w o o d  d eca y  o rg a n ism s by
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Trichoderma spp. Although various modes o f  antagonism em ployed by Trichoderma 
spp. against w ood decay basid iom ycetes including com petition for non-structural 
carbohydrates, production o f soluble metabolites, volatile antibiotics and lytic enzymes 
h ave been  id en tif ie d  by m any w orkers (S ee  sec t io n s  3 .1 .1 , 3 .2 .1 , and 3 .3 .1 ) ,  
experimentation has largely involved studies on agar media that shows little correlation 
to w ood with respect to nutritional consistency. Studies o f  antagonistic m echanism s 
carried out on such artificial media are therefore likely to be unrepresentative o f results 
seen during interactions in wood.
A primary objective o f the study was therefore to devise an appropriate media for all the 
experimental studies and to determine whether screening or study o f  the antagonistic 
m echanism s o f  Trichoderma iso lates is  in fluenced  by the use o f  m edia that is  not 
representative o f the nutritional state o f the in vivo substrate i.e. wood. As an extension  
o f  the studies on media composition, the project was designed to determine whether any 
statistical correlation exists between the degree o f  inhibition by different antagonistic 
m echanism s on artificial m edia, and the protective e ffect attained w hen different 
Trichoderma isolates were tested against selected basidiomycetes on wood.
T hough ex ten siv e  work has been done on the ro le  o f  m ycop arasitism  b etw een  
Trichoderma and plant pathogenic fungi, little has been published with regard to its role 
against wood decay fungi. Due to the importance given to this particular mechanism  
against agricultural pathogens, one o f  the objectives o f  the project was to study the 
production o f  the lytic enzym es involved in mycoparasitic interactions against w ood  
decay fungi. Again the majority o f  the work done in  this area has involved the use o f  
inappropriate m edia that do not represent the nutritional status in vivo. In order to 
en tire ly  understand the im portance o f  the ro le o f  ly tic  en zym es, a ssay in g  in  an 
appropriate media that is more representative o f the nutritional consistency o f  wood was 
therefore essential. An additional objective was to examine factors such as target cell 
wall type and glucose concentration, which may influence the induction and repression 
o f  lytic enzymes produced as part o f any mycoparasitic reaction.
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Siderophores (iron chelating compounds) are known to play an important role in  the 
biocontrol o f  many plant pathogenic fungi and bacteria. To date however, no work has 
b een  p u b lish ed  regarding iron co m p etitio n  in  w ood  as a p o ss ib le  a n ta g o n istic  
mechanism against wood decay fungi. Iron plays an important role in the biodegradation 
o f wood both as a component o f extracellular heme enzymes in white rot fungi and may 
also possibly have a role in  non-enzymatic decay by brown rot fungi. Due to the very 
lo w  con cen tration  o f  iron  in  w ood , siderophore co m p etitio n  for iron  b etw een  
Trichoderma and the decay fungi m ay therefore be a very sign ificant b iocontrol 
mechanism. A  further objective o f the project was therefore, to determine whether the 
production o f siderophores by Trichoderma isolates could be involved in the biocontrol 
o f wood decay fungi.
This thesis is designed to provide fundamental information on the vital antagonistic 
mechanisms that are involved during the interaction phase between antagonist and wood  
decay fungi. Such inform ation on species and strains o f  Trichoderma, w ill enable  
selection o f  bioprotectants or biocontrol agents with better performance; which can be 
improved by genetic manipulation and provide a more appropriate basis on which to 
screen new isolates. This is a newly developing field that has attracted many researchers 
because it provides an environm entally safer alternative to chem ical preservatives. 
K n ow led ge d eveloped  from studies such as this one w ill h o p efu lly  prom ote the 
acceptability o f  the technology through the development o f  better biocontrol agents.
58
Chapter 2
In te r a c t io n  S tu d ie s
C h a p te r  2
P r e l im in a r y  W o r k  - In teraction  S tu d ie s
2.1 Introduction
Screening o f Trichoderma species as potential biocontrol agents for w ood decay fungi 
has la rg e ly  em p loyed  w ork on artific ia l m ed ia  u sin g  agar p la tes  th ough  som e  
researchers have developed wood wafer screening systems for this purpose (Frietag and 
Morrell, 1990; Dawson-Andoh and Morrell, 1991). Agar systems provide a fast, simple, 
cost effective method o f  screening a large number o f  isolates and produce quantifiable 
data w hich  w ill a llow  su itab le sta tistica l an a lysis  to be carried out. T he major 
disadvantage however is that they do not accurately reflect the nutritional status or 
physical characteristics o f  wood. W ood is a substrate with a particularly high C:N ratio 
(350:1 to 1250:1) whereas a com m on medium for the growth o f  fungi such as malt 
extract medium has a much lower C:N ratio (50:1) (King, 1981).
A  low  nutrient media (based on a nutrient solution by Huttermann and Volger, 1973) 
w ith a C:N ratio sim ilar to that found in  w ood  (approximate C:N ratio 410:1 ) was 
therefore used for the screening work along w ith malt extract m edium. Screening  
in vo lved  study o f  the outcom e o f  interactions betw een  the se lected  Trichoderma 
isolates and the two chosen basidiomycetes, the brown rot fungus Neolentinus lepideus 
and the white rot fungus, Trametes versicolor (both are considered to be major decayers 
o f  timber in ground line contact, the former o f  softwoods and the latter o f hardwood, 
h ow ever  it has becom e in creasin g ly  clear that w hite rotters are a lso  capab le o f  
producing considerable damage to softwoods, Zabel et al., 1982; Graham and Corden, 
1980; Eslyn, 1970). The marked differences observed in the tw o m edia types with  
respect to the outcome o f the interactions is reported and also the basis o f  selection o f  
Trichoderma isolates for further study of mechanisms o f antagonism.
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2 .2  M aterials and M ethods
2.2.1 Organisms and Culture Conditions
The cultures used in the fo llow ing studies were provided by the fo llow ing sources : 
Scottish Institute for W ood Technology, Dundee Institute o f Technology, Dundee; IMI 
(International M ycological Institute, Kew, U .K .), M AD and HHB (M adison Forest 
Products Laboratory, W isconsin , U .S .A .), FPRL (Departm ent o f  the Environm ent 
Building Research Establishment, Garston, U.K.), and E.E.Nelson, U SD A  Forest Serv., 
Pacific Northwest Res. Sta., Corvallis, Oregon.
Trichoderma Isolates (Optimum temperature for grow th: 25 °C)
T.aureoviride (Rifai) IMI91968 *
T.harzianum (Rifai) IMI206040 
T.polysporium (Rifai) IMI206039 
T.viride (Persoon ex S.F.Gray) IMI24039 
T.viride (Persoon ex S.F.Gray) IMI49791 *
Unidentified Trichoderma CCA sample (Isolated from a CCA treated pole)
Unidentified Trichoderma FYT sample (Isolated from a BINAB pellet)
T.viride (Persoon ex S.F.Gray) IMI335517 
T.harzianum (Rifai) IMI335518 
T.pseudokoningii (Rifai) Isolate 33 
T.pseudokoningii (Rifai) Isolate 22 
T.harzianum (Rifai) Isolate 25 *
T.pseudokoningii (Rifai) Isolate 33 
T.pseudokoningii (Rifai) Isolate 51 *
T.pseudokoningii (Rifai) Isolate 55 *
T.pseudokoningii (Rifai) Isolate 64 *
Unidentified Trichoderma Isolate 140 *
T.citrinoviride (Rifai) IMI335519
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Trichoderma Isolates (Optimum temperature for grow th: 22 °C)
T.viride (Persoon ex S.F.Gray) Isolate 1 
T.viride (Persoon ex S.F.Gray) Isolate 14 *
T.viride (Persoon ex S.F.Gray) Isolate 24 
T.viride (Persoon ex SJF.Gray) Isolate 28 
T.viride (Persoon ex S.F.Gray) Isolate 30 
Unidentified Trichoderma Isolate 38 
T.viride (Persoon ex S.F.Gray) Isolate 40 *
T.viride (Persoon ex SJF.Gray) Isolate 43 
T.viride (Persoon ex S.F.Gray) Isolate 53 
T.viride (Persoon ex S.F.Gray) Isolate 60 *
T.viride (Persoon ex S.F.Gray) Isolate 67 
T.viride (Persoon ex S.F.Gray) Isolate 70 
T.viride (Persoon ex S.F.Gray) Isolate 90 
T.viride (Persoon ex S.F.Gray) Isolate 100 
T.viride (Persoon ex S.F.Gray) Isolate 110 
T.hamatum (Rifai) Isolate 150 
Unidentified Trichoderma Isolate 170 
Unidentified Trichoderma Isolate 190 
T.polysporium (Rifai) Isolate 220
(* - indicates ten isolates selected for further study o f  antagonistic mechanisms Chapter 
3 ,4  and 5)
Basidiomycete cultures (Optimum temperature for grow th: 25 °C)
Brown rot fungi
Neolentinus (-Lentinm) lepideus (Fr.:Fr:) Redhead and Ginns FPRL 7F  
Gloeophyllum trabeum Karsten MAD 617 
Postia placenta Fr. MAD 698 
Antrodia carbonica P.Karst HHB 5104
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White rot fungi
Trametes (=Coriolus) versicolor L. ex Fr: Pilat M AD 697 
Phlebia brevispora Fr. HHB 7030 
Irpex lacteus Fr. HHB 7328
A ll cultures w ere m aintained in 3% (w /v ) o f  M alt E xtract Agar (O xoid  C M 59) 
autoclaved at 121 °C for 15 min, poured into triple vented (Sterilin) petri dishes and 
incubated at the appropriate temperatures as m entioned above, in  the dark. In all 
experiments, inoculum  plugs (0 .6  cm diameter) o f  the fungi were obtained from the 
margins o f actively growing colonies.
2.2.2 Interaction Studies
Preliminary interaction studies were carried out with the above listed 38 Trichoderma 
iso la tes against two w ood  decay basid iom ycetes, a brown rot fungus Neolentinus 
lepideus and a white rot fungus Trametes versicolor. The interactions betw een the 
basidiom ycetes and the Trichoderma spp. were carried out on two different m edia  
types. M edium  1 w as 3% (w /v) M alt Extract Agar (M E A  - O xoid C M 59), w h ile  
medium 2 was a Low Nutrient Medium (LNM). Both media were autoclaved at 121 °C 
for 15 min prior to use. The low  nutrient m edium  was selected  because o f  its low  
nitrogen to carbon composition which is more representative o f the nutritional status in 
wood. It was based on a nutrient solution formulated by Huttermann and Volger, 1973 
and contained per liter o f  H2 O : 5g  o f  D -g lu co se  (S igm a G 8270); 0 .0 1 3 g  o f  L- 
asparagine (anhydrous) (Sigm a A 0884); lg  o f  KH2 PO4 ; 0 .3g o f  MgSO^.; 0.5g KC1;
O.Olg of F eS 0 4 ; 0.008g o f Mn(Ch3 COO)2 . 4H2 0 ;  0.002g Z n (N 0 3 )2 . 6H2 0 ;  0.05g o f  
C a (N 0 3 )2 . 4H 2 0 ;  0 .002g o f  G 1SO4 , 0 .008g o f  NH 4 N 0 3 ; 1% purified agar (O xoid  
L28) was used for solid ifying the medium (all chem icals were obtained from either 
BDH - British Drug Houses, Mercks Ltd., Glasgow or Fisons, Coatbridge, Lanarkshire,
U.K., unless otherwise indicated).
Methods used for the fungal interaction studies were similar to those used by Rayner 
and Todd (1979). Mycelial plugs (0.6 cm diameter) removed from the growing margins 
o f  cultures o f either N.lepideus or T. versicolor were placed at one side o f  a petri dish
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contain ing each o f  the tw o media types and incubated at 25 °C and 70% relative  
humidity for 4  days. After this time, cores (0.6 cm diameter) removed from the margins 
o f  actively growing cultures o f  the Trichoderma isolates were placed at the opposite 
sides o f the dishes and the plates were incubated in the dark at either 22 or 25 °C for up 
to 4 weeks (4 replicates/treatment). Two incubation temperatures were used to satisfy  
optimal temperature requirements o f individual Trichoderma isolates.
Plates were examined on a daily basis to determine the outcome o f interactions between  
the organism s and were assessed  on the basis o f  whether: 1 ) either organism  was 
overgrown by its competitor and the rate at which overgrowth occurred; 2 ) contact and 
overgrowth was accompanied by browning and lysis o f  the basidiomycete mycelium; 3) 
th e b a s id io m y c e te  w as c o m p le te ly  k ille d  by th e Trichoderma. L y s is  o f  the  
basidiomycete m ycelium was confirmed by microscopic examination o f  samples from  
the zone o f  contact betw een  the tw o co lo n ies  w here the b asid iom ycete had been  
overgrown by the antagonist, cores were also plated onto malt extract agar containing 
4ppm benomyl (0.8g o f benlate in 1 liter o f  50% ethanol; stock solution diluted 1:100 
w ith d istilled  w ater b efore use) to test v ia b ility  o f  the decay  fu n gus. B en om yl 
s e le c t iv e ly  in h ib its  g ro w th  o f  Trichoderma a llo w in g  th e  reg ro w th  o f  th e  
basid iom ycetes. Lack o f  growth o f  basid iom ycetes from these cores after 3 w eeks  
incubation at 25 °C on the selective media, indicated that the basidiom ycete had been  
killed by the antagonist.
After preliminary studies, seven Trichoderma isolates which produced a killing effect 
on both media types and against both basidiom ycetes were selected for further study. 
Three isolates that showed a lethal effect against just one basidiomycete or in one media 
type were also included. These ten isolates were used for further investigation o f  their 
antagonistic mechanisms against the selected basidiom ycetes (Chapter 3, sections 1 to
4 ) and included  four strains o f T.viride (P ersoon  ex S .F .G ray), three strains o f  
T.pseudokoningii (R ifai), a strain o f  T.aureoviride (Rifai), a strain o f  T.harzianum 
(Rifai) and an unidentified Trichoderma isolate 140, all o f which are highlighted by an 
asterik in the list o f organisms used.
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2.3  R esults - Interaction studies
During in itia l screening o f  the Trichoderma iso la tes a variety o f  reactions w ere  
produced as a result o f  the antagonism  betw een  the Trichoderma iso la tes and the 
basidiomycetes. The qualitative features included overgrowth o f  the basidiomycetes by 
the Trichoderma often, though not always, resulting in death o f  the basidiom ycetes  
(Figure 2.1). In som e cases a stalemate situation occurred where both antagonist and 
pathogen met but no subsequent overgrowth o f  the organisms was produced.
It was evident from these preliminary studies (Table 2 .1 ) that more Trichoderma 
isolates exhibited greater target specificity towards N.lepideus. Of those isolates which 
produced a lethal effect, this was more often directed against the brown rot rather than 
the white rot fungus. W ithin the Trichoderma isolates tested, both interspecies and 
interstrain variability  in  their lethal e ffec ts  was ev ident eg. o f  the 36 iso la te s  o f  
Trichoderma used 17 were T.viride and their responses towards the basidiom ycetes in 
the tw o  m ed ia  ty p es  fa ile d  to fo llo w  any s p e c if ic  pattern . The 4  is o la te s  o f  
T.pseudokoningii h ow ever show ed  a co n sisten t le th a l e f fe c t  aga in st both the 
basidiomycetes on both media types. A lso the lethal effect against the brown rot fungi 
was considerably more successful on the malt medium than on the low  nutrient medium.
Logistic regression analysis (Kleinbaum et al., 1988) o f  the interaction studies results 
was undertaken to determine i f  the lethal effect was dependent on the follow ing three 
factors, Trichoderma species, medium used, and target decay organism. The model 
created with the three factors above and all their possible interactions indicate that 
exclusion o f  any factors or interaction resulted in a significantly worse (p<0 .0 2 ) fit, 
indicating that all the factors are important in the outcome o f  the result, this is  further 
explained below.
In the above statistical analysis, it is assumed at first that none o f  the three variables 
mentioned above are important, to obtain a constant or null m odel. N ow  in order to 
determine whether any o f the variables had an effect on
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ChU1
3% Malt E xtract A gar M inim al M edium  
N .le p id e u s  v s  T .p s e u d o k o n in g ii 22
Figure 2.1 - Interaction plate between N.lepideus and T.pseudokoningii Isolate 22 on the two types of media showing a more 
severe overgrowth and lysis of the decay fungus on the malt medium than the minimal medium. The basidiomycete was 
inoculated on the left side of the plate and Trichoderma on the right side.
Table 2.1 Outcome of interaction studies between Trichoderma isolates and the two basidiomycetes. K=Complete death of decay fungus; S=Survival 
of decay fungus. (*) - Trichoderma isolates selected for further study of antagonistic mechanisms; and will be referred to from now on by their codes 
B 1, B5, B 11, B13, B 14, B 15, B16, R2, R7 and RIO as indicated against the respective Trichoderma spp.
Trichoderma isolates Neolentinus lepideus Trametes versicolor
3% Malt medium Low Nut.medium 3% Malt medium Low Nut.medium
T.aureovirideIMI91968 (B l) * K S S S
T. harzianum IMI206040 K S S S
T.harzianum IMI335518 K S S S
T.harzianum 25 (B11) * K K S S
T.polysporium IMI206039 K S S S
T.polysporium 220 K K S S
T.viride IMI24039 K K S S
T.viride IMI49791 (B5) * K K K K
T.viride IMI335517 K S S S
T.viride 1 K S S K
T.viride 14 (R2) * K S K K
T.viride 24 K K S S
T.viride 28 K S S S
T.viride 30 K S S S
T.viride 40 (R7) * K K K K
Trichoderma isolates Neolentinus lepideus Trametes versicolor
3% Malt medium Low Nutmedium 3% Malt medium Low Nut.medium
T.viride 43 K S S S
T.viride 53 K S K K
T.viride 60 (RIO) * K K K K
T.viride 67 K S S S
T.viride 70 K K S S
T.viride 90 K S K K
T.viride 100 K S S S
T.viride 110 K K S K
T.pseudokoningii 22 K K S K
T.pseudokoningii 33 K K K K
T.pseudokoningii 51 (B13) * K K K K
T.pseudokoningii 55 (B14) * K K K K
T.pseudokoningii 64 (B15) * K K K K
T.hamatum 150 
Unidentified Trichoderma
K K S S
TrichodermaFYT sample K S S S
Trichoderma CCA sample K K S S
Trichoderma A(SH) K K S S
Trichoderma 38 K K S S
Trichoderma 140 (B16) * K K K K
Trichoderma 170 K S S S
Trichoderma 190 K s S S
the results, the deviance o f the constant model and deviance o f the individual variables 
have to be compared. R egression analysis have been done including the fo llo w in g  
m odels - constant, constant+m edium , constant+decay, constant+decay+m edium , 
c o n s ta n t+ s p e c ie s , c o n sta n t+ sp e c ie s+ m e d iu m , c o n s ta n t+ s p e c ie s+ d e c a y  and  
constant+species+decay+medium. For example, the deviance o f  the constant model is
114.2 with 43 degrees o f  freedom, and the deviance for the model including medium is
108.6 with 42 degrees o f freedom, then the difference in  deviance is 5.6 with 1 degree o f  
freedom. This difference can be used to estimate the importance o f  the medium in  the 
model. If the medium is not significant then this difference in deviance value would be 
less than Chi (1)q = 3.842, i.e., the probability value indicating that this factor is not
significant in the outcome o f  the results w ill be > 0.05, since the difference in  deviance 
obtained here is greater than 3.842, hence medium is an important factor in determining 
the probability o f lethal effect (kill) which is < 0.02. The importance o f  the other factors 
were analysed in a similar fashion (Table 2.2).
Deg. o f  freedom Sets Deviance Diff. in Deviance P(<)
43 Constant 114.2 0
42 Medium(M) 108.6 5.6 0 . 0 2
42 Decay(D) 80.44 33.76 0 .0 0 1
33 Species(S) 8 8 .1 1 26.09 0.005
41 M x D 73.24 35.38 0 .0 0 1
32 M x S 81.53 27.07 0.005
32 S x D 46.70 41.41 0 .0 0 1
31 M x S x D 37.11 36.13 0 .0 0 1
Table 2.2 - Regression analysis of the interaction results.
Effect o f Trichoderma spp.
Trichoderma spp. had a sign ificant (p < 0 .01) effect on the lethal ou tcom e o f  the 
interactions although the significant interactions (M x S, p<0.01; S x D, p<0.001; M x S
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x D, pcO.OOl; where M = media, S = species subgroup, and D = decay fungi) imply that 
the e ffec t o f  Trichoderma spp. was also in flu en ced  by the m edia type and decay  
organism under attack.
Among the 36 Trichoderma spp. tested there were 6  different species and 7 unidentified 
Trichoderma. T.pseudokoningii isolates showed the highest proportion o f killing effect 
against both basidiomycetes on both media types followed by the T.viride isolates.
Medium effect
The type o f  medium used also has a significant (p<0.02) effect on the outcom e o f  the 
interactions although the significant interactions (M x S, p<0.01; D x M, pcO.OOl; M x 
S x D, pcO.OOl) imply that the medium effect is dependent on the basidiomycetes under 
attack as well as the species o f Trichoderma.
It was evident that the lethal effect was more prevalent in  the malt m edium  by all 
Trichoderma spp. against the brown rot fungi but less so against the white rot fungi. But 
those Trichoderma spp. that showed a lethal effect in  the low  nutrient media against 
both basidiomycetes are o f  particular interest because o f their success in a medium that 
is nutritionally closer to the natural substrate, i.e., wood.
Effect o f  decay organisms
The decay organism under attack also has a significant (pcO.OOl) effect on the outcome 
o f  the interactions although again it is  interlinked w ith the other factors ( i.e ., the  
Trichoderma spp. and the media type). This is evident from the results where the brown 
rot fungus were killed by almost all o f the Trichoderma isolates on the malt medium but 
few were capable o f killing the white rot fungus in the same medium.
2 .4  D iscu ssion
Trichoderma spp. have been screened as potential biocontrol agents o f  w ood  decay  
fungi due to their successful use in agriculture (Papavizas, 1985; Tronsm o, 1986; 
Cam pbell, 1989 a). Screening is an essential first stage in  the developm ent o f  any 
biological control agent and the results presented here illustrate the need for careful
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selection o f appropriate media for this purpose. Simplicity o f  the interaction studies has 
led to testing o f fungal antagonists by cross inoculation o f the antagonist and pathogen 
at opposite sides o f  agar filled  petri dishes and the outcom e o f  the interactions are 
observed. However, often little consistency is evident in the selection o f media type and 
concentration between different researchers. This may w ell lead to controversial results 
by independent w orkers exam ining the sam e b iocon tro l iso la te s  or m ay lead  to 
expensive field testing o f  isolates which may not have passed through the preliminary 
testing procedure on an appropriate media.
Trichoderma are known to have the ability to grow over a w ide range o f  nutritional 
conditions as evidenced by their ubiquitous nature (Papavizas, 1985). D ue to such  
flexibility in their nutrient metabolism, analysis o f carbon source utilisation patterns o f  
Trichoderma isolates have been used by Manczinger and Polner (1987) as a method o f  
species identification within the species aggregates o f  this problematic genus. Though 
this organism has low  nutritional requirements for growth, the carbon, nitrogen and 
levels o f  other non-nutritional factors could possibly affect their success as an antagonist 
within specific environments (Danielson and Davey, 1973 a and b). For exam ple they 
observed that in buffered media Trichoderma spp. grew best with L-alanine, L-aspartic 
acid, L-glutam ic acid and casamino acids as sources o f  nitrogen. Growth on 
nitrogen was consistently superior to growth on NC^- nitrogen. The best carbon sources 
were dextrose, fructose, mannose, galactose, xylose, ribose, trehalose and cellobiose. 
The ability to use m elezitose, raffinose, sucrose and inulin as sources o f  carbon were 
used as a basis for taxonom ic classification . Carter and Lynch (1991) have show n  
s im ila r  substrate d ep en d en t v a r ia tio n  in  th e p ro te in  p r o f ile  and a n tig en s  o f  
T.harzianum. E m phasising the in flu en ce  o f  m edia nutrient co m p osition  on the 
synthesis and production o f proteins by fungi. Among the variety o f  proteins produced 
there will also occur the inhibitory metabolites and lytic enzymes that play a role in the 
antagonistic mechanism of Trichoderma spp. And therefore exists a direct relationship 
between the nutrient composition o f the growth media and the protein synthesis.
Fargasova (1992) studied the influence o f  various nitrogen sources on the growth, 
conidiation and pigment production o f T.viride M-108 and its colour mutant strain. Nine
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different nitrogen sources were tested and it was found that yeast extract and sodium  
nitrate proved to be the best nitrogen source for growth and conidiation o f  both parental 
and colour mutant strain o f  T.viride. The best inhibitors o f  growth were adenine and 
am m onium  sulphate. It was also found that higher concentrations o f  the n itrogen  
sources increased the intensity o f  conidiation. The influence o f  nitrogen concentrations 
at a molecular level was observed by Pitt and Bull (1982), while studying the influence 
o f  culture conditions on the physiology and composition o f  T.aureoviride. They found 
that the m y c e lia l R N A  and p rote in  co n cen tra tio n s  in  ch em o sta t cu ltu res  o f  
T.aureoviride were 30 to 40% lower under nitrogen limitation. Similar to the effects 
observed by the above authors with the influence o f  carbon and nitrogen ratios, it was 
apparent from the results o f  the interaction studies here that nutrient status o f  the 
in teraction  m edium  p lays an im portant ro le  in  determ in ing the ou tcom e o f  the 
antagonist between Trichoderma and wood decay fungi.
It is  crucial therefore during primary screening to d ev ise  a m edium  that c lo se ly  
represents the in vivo nutritional status in which the interaction o f  the pathogen and 
antagonist is to occur. The low  nutrient media used here (Srinivasan et al., 1992 a, b) 
was hence selected to be more representative o f the nutritional status within wood (C:N  
ratio is  approximately 410:1 which falls within the range found within wood 350:1 to 
1250:1, by Merrill and Cowling, (1966). Therefore the outcome o f  interactions in such a 
media might be expected to be similar to that occurring in  the natural substrate i.e ., in  
wood. Merrill and Cowling (1966) also noted that the nitrogen content o f  m ycelia  o f  
som e w ood decaying fungi eg ., Trametes versicolor and Fomes applanatus w ere  
related to the wood used as substrate. Trametes versicolor was also seen to adapt its 
nitrogen content to that o f synthetic media. For this fungus, they noted similar nitrogen 
contents for m ycelia grown on wood and on synthetic media with C:N ratios similar to 
those o f  wood. This again highlights the importance o f use o f  appropriate media, as the 
physiology o f both the antagonists and decay organisms can be greatly influenced by the 
substrate, which inturn affects the outcome o f observations made in interaction studies.
The nutrients in the media apart from influencing the antagonistic responses (exhibited 
by a variety o f  modes o f antagonism discussed in the later chapters), may also have a
71
role to play in  the recognition o f the decay fungi by the antagonists. For exam ple, 
production o f  these ’hyphal sheath’ which are known to be made up o f  carbohydrates, 
proteins, and lipids (Foisner et al, 1985 a, b) and have been proposed to play a role in  
the decay m echanism o f  w ood by Green et al., (1989), may also be responsible for 
recognition  by antagonists sim ilar to ’lectin  activ ity ’ found to be responsib le for 
recognition between Rhizoctonia solani and Trichoderma species (Elad et al., 1983 a). 
Success o f  antagonists in  inappropriate m edia may result in m isleading assumptions 
with regard to target specificity  o f  Trichoderma species. The results obtained here 
exhibit such effects very clearly, where the lethal effect that results in  killing o f  the 
basidiomycetes on interacting with the Trichoderma isolates in the high nutrient media 
(M EA) fa ils to be reproduced in  the nutritionally poorer m edia (LN M ). It is  also  
possible that the type o f hyphal sheath produced in  the LNM  are more specialised and 
have a protective role that prevents recognition o f the cell wall o f  the target pathogens, 
and therefore suppress the antagonistic effect o f  Trichoderma spp.
The results also stress the need for careful selection o f Trichoderma isolates due to the 
variability that exists in  the outcome o f  interactions, even within strains o f  the same 
species. T.viride was one o f  the dominant species among the 36 isolates tested. The 
isolates showed a high degree o f  consistency in antagonising the brown rot fungus in the 
malt medium, however this was not reproduced on the low  nutrient medium. In their 
interactions with the white rot fungus how ever the sam e T.viride iso lates fa iled  to 
exhibit any pattern on either media. If the results obtained on the malt medium alone 
were considered, this could lead to the mis-interpretation that antagonists o f  this species 
h ave a target s p e c if ic ity  tow ards the brow n rot fu n g i. T h erefore w ith  u se  o f  
inappropriate media, not only will the effective Trichoderma species be misinterpreted 
but also their target sp ecificity . Such inform ation is  crucial for adm inistration o f  
particular strains o f  Trichoderma that can achieve effective control o f  specific decay 
fungi, like the brown rot o f  creosoted electricity distribution poles by N.lepideus (Bruce,
1983).
However all these factors are interrelated as is evident from the regression analysis o f  
the results. These preliminary studies have not only em phasised the im portance o f
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appropriate media for initial screening but also for further study o f  their antagonistic 
mechanisms. Despite the fact that many modes o f antagonism that Trichoderma employ 
are known, the precise mechanism by which these antagonists control the decay fungi in 
wood has not been identified to date. It is essential to establish the mechanisms that are 
active in situ in  order that appropriate m ethods can be d ev elo p ed  for screen ing  
biological control agents. It is obvious from the results o f  the interaction studies that 
careful selection of media will be an essential part o f  the developmental process.
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Chapter 3
S e c tio n  1
S o lu b le  M e ta b o lite  P ro d u c tio n
C h a p te r  3
A n t a g o n is t i c  M e c h a n is m s
Section 1 - Soluble Metabolite Production
3.1.1 Introduction
Secondary metabolites produced by Trichoderma species have been extensively studied 
by many researchers, m ainly because o f  their potential in  b iological control o f  plant 
pathogens. However, the taxonom ic confusion surrounding the genus Trichoderma 
complicates interpretation o f  the earlier literature on secondary metabolites produced by 
these fungi. Thus those species involved in the production o f  g liotoxin  (W eindling, 
1934), g lio tox in  and virid in  (Brian and H em m ing, 1945; Brian et al., 1946), ahd 
originally considered to belong to Trichoderma, were subsequently identified  by  
W ebster and Lomas (1964) as Gliocladium species. The report (M offat et al., 1969) 
describing the isolation o f  viridol from the culture filtrate o f  T.viride Pers. ex Gray 
contains a footnote stating that this isolate was the Weindling G -l strain also described 
as Gliocladium fimbriatum Gilman and Abbott. A  paper by B u’Lock and Leigh (1975) 
refers to the b iosynthesis o f  g lio toxin  in T.viride (possibly a Gliocladium sp.) and 
another (G older and W atson , 1980) to the b io sy n th e s is  o f  v ir id in  in  T.viride. 
Trichoderma polysporum (Link and Pers.) Rifai, which has been subjected to several 
investigations and found to be a producer o f  antifungal cyclosporins (Traber et al., 
1982), and Trichoderma sporulosum Hughes were both subsequently considered to be 
Tolypocladium rtiveum Bissett (Cannon, 1986).
It is possible that the above confusions may have contributed to some early views that 
Trichoderma spp produce few or no antibiotics (Cook and Baker, 1983) or that, at best, 
they are unreliable producers. The difficulty in classification seem s to have frustrated 
som e authors and engendered an attitude that since Gliocladium, Trichoderma and 
Hypocrea are closely related genera a distinction between them is not critical. With the 
benefit o f more rigorous classification, a detailed analysis o f  the metabolites known to
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be produced by the species o f the three genera was produced by Taylor (1986) (see  
Table 3.1), however this surprisingly shows little overlap between the genera.
A lthough  W ein d lin g  and Em erson (1 9 3 6 ) iso la ted  antifungal su b stan ces from  
T.lignorum (later identified as Gliocladium by Webster and Lomas, 1964), Dennis and 
W eb ster (1971  a, b) w ere the first to d escr ib e  the a n ta g o n istic  p ro p erties  o f  
Trichoderma in  term s o f  an tib io tic  p rod u ction . T hey w ere ab le to sh ow  that 
Trichoderma species produce volatile and non-volatile compounds capable o f inhibiting 
mycelial growth in a variety o f fungi and that the production o f  antifungal substances 
varies with the isolate, even within the same species aggregates. In a sense this work 
marked the beginning o f  modern in v estig a tio n s on the ro le o f  an tib io tics in  the 
biological control o f plant pathogens by Trichoderma species.
Taylor (1986) in his review on the secondary metabolites o f the three genera Hypocrea, 
Gliocladium and Trichoderma, grouped the metabolic products o f  these fungi on the 
basis o f their chemistry and particularly on their probable mode o f  biosynthesis. As the 
metabolites produced by the following species T.aureoviride, T.viride, T.harzianum 
and T.pseudokoningii are o f  particular in terest in  this study the corresponding  
metabolites produced by these species are listed in Table 3.1. The list was updated using 
a more recent paper published by Ghisalberti and Sivasithamparam (1991) on antifungal 
antibiotics produced by Trichoderma.
M ost o f the knowledge on the antifungal role o f  Trichoderma metabolites is gathered 
from research with soil plant pathogens. T.harzianum Rifai is perhaps the most studied 
o f  the Trichoderma species for biocontrol and possibly the m ost effective. A lthough  
m ost reports in  literature indicate that T.harzianum is effective in reducing disease  
caused by soil-borne plant pathogens (Chet, 1987; Papavizas, 1985) some variability in 
their effect has been reported (Wells and Bell, 1979; Maas and Kotze, 1987; Ghisalberti 
et at., 1990). Furtherm ore som e o f  the early  stu d ies h ave fa iled  to rev ea l the  
involvement o f any typical antibiotics (Chet, 1987).
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Producing organism Metabolite name m.p.(C) References
Group I - Polyketide metabolites
T.viride Pachybasin 176* Slater etal., 1967
Emodin 256-8* Slater etal., 1967
Hypochrysophanol 205* M ossefaJ., 1975
T.pseudokoningii Tartronic acid 158-60* Kamal etal., 1971
Group II - Terpenoid metabolites
T.viride Gliocladic acid 
(sesquiterpene 
heptelidic acid)
Itoh etal., 1980
Trichodermin
(trichothecane
sesquiterpene)
46 Godtffedson and Vangedal, 1
Viridin 245* Brian etal., 1946
T.pseudokoningii Trichodermene A Kamal etal., 1971
Pyrocalciferol 93-5 Kamal etal., 1971
Group III - Non-polypeptide metabolites
T.viride Trichoviridin 1 0 2 * Tamura et al., 1975
T.harzianum Isonitrin D 55 Fujiwara et al., 1982
Trichoderma spp. Trichorin A 234-46* Katayama et al., 1977
Trichorin B 212-4*
Group IV - Polypeptide antibiotics
T.viride Trichotoxin 187* Hou etal., 1972; 
Bruckner et al., 1979.
Suzukacillin 250* Ooka etal., 1966; 
Katz, 1983
Alamethicin Brewer etal., 1987
T.harzianum Trichorzianine 253-4* Bruckner et al., 1984
Harzianopyridone Dickinson et al., 1989
Table 3.1 - Secondary metabolites produced bv Trichoderma species. (*) indicate those 
metabolites stable at 90°C (see section 3.1.2). References in the above table are as cited
in Taylor, 1986; Ghisalberti and Sivasithamparam, 1990.
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Som e volatile antibiotics have been shown to play a role in the antagonism o f  these  
Trichoderma species, and these will be discussed later in section 3.2.1. Some polyketide 
and peptide metabolites produced by isolates o f T.harzianum have been known to show  
in h ib itory  a c tiv ity  aga in st the ta k e-a ll fu n gus (Gaeumannomyces graminis), 
Rhizoctonia solani and Botrytis cinerea (Ghisalberti and Sivasithamparam, 1990; 
Almassi et al., 1991; Dickinson et al., 1989). These authors have also noted the degree 
of variation in the amounts and types o f  individual metabolites produced by the isolates. 
This variation in  the production o f  m etabolites m ay be attributed to the nutrient 
con sisten cy  o f  the in vitro growth m edia as rea lised  by authors, S ierota  (1 9 7 7 ), 
Williams and Vickers (1986), Bushell (1989), Park et al., (1991).
Similarly there are numerous publications with regard to production o f metabolites by 
other Trichoderma sp ecies including T.koningii, T.hamatum, T.viride and their  
inhibitory effect against a number o f  plant pathogens. However, there are few  papers 
that deal with inhibition o f basidiomycetes by Trichoderma metabolites. Sierota (1977) 
described the inhibitory effect o f  T.viride filtrates on Heterobasidion anno sum. 
Tokimoto et al., (1987) noted the increased levels o f  induced antifungal substances in 
cultures o f  Lentinus edodes by the attack o f  Trichoderma spp. Bruce et al., (1984) 
found that Trichoderma spp controlled the growth o f  wood degrading basidiom ycete 
Lentinus lepideus and suggested that although water-soluble antibiotics were produced, 
and were e ffec tiv e  against L.lepideus, vo la tile  m etabolites alone m ay have been  
responsible for antibiosis. Bettuci et al., (1988) have explored the use o f  Trichoderma 
spp. and Gliocladium virens for control o f  wood-rotting fungi by soluble metabolites. 
A ll such work to date has how ever, in vo lved  use o f  m edia that do not in  any w ay  
represent the nutritional status o f the in vivo test material, i.e ., so il or w ood. Such  
studies may therefore not g ive  a true representation o f  results to allow  appropriate 
selection o f potential biocontrol agents.
Researchers are becoming increasingly aware o f  the importance o f selecting media that 
represent the in vivo nutrient com position, in order to truely assess the potential o f  
biocontrol agents especially as production o f  a number of metabolites has been shown to
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be related to nutrient stress as observed by B ushell (1989). Clearly many questions 
rem ain  u n an sw ered  on the nature o f  th e an tifu n ga l m eta b o lite s  p rod u ced  by  
Trichoderma species and their role in biocontrol. However recognising the importance 
o f  selecting appropriate media for such studies, can be considered a crucial step in  
revealing the answers to the biocontrol strategies o f  these organisms. The work reported 
in  th is sectio n  exam ines the im portance o f  so lu b le  m etabolite production  as an 
a n ta g o n istic  m ech an ism  o f  Trichoderma s p e c ie s  and the in flu e n c e  o f  m ed ia  
composition.
3 .1 .2  M aterials and M ethods
The ten Trichoderma isolates selected on the basis o f  interaction results (see section  
2.3; table 2 .1) were grown in  150 ml broth cultures o f  each o f  the two m edia types 
(M EA and LNM autoclaved at 121 °C for 15 min) for 7 days at either 22 °C or 25 °C. 
The fungal mycelium was removed by filtration and the culture filtrate was sterilised by 
passing through a 0.45 |im  sterile membrane filter (Whatman). The filtrates were placed  
in a 90 °C water bath for 2 hr to destroy enzyme activity. Ten ml o f this filtrate was then 
added to an equal volume o f strengthened agar (3% MEA, 3% purified agar), held at 50  
°C, and poured into petri dishes to produce a solid  medium for inoculation w ith the 
basidiomycetes. Cores (0.6 cm diameter) removed from the margins o f  actively growing 
cultures o f  N.lepideus or TVversicolor were inoculated in the centres o f the plates which 
were then incubated at 25 °C. Controls were prepared by adding either uninoculated 3% 
malt extract (ME) (Oxoid L38) or LNM  broth to the strengthened agar to replace the 
filtrates. Four replicate p lates w ere set up for each  test. Inhibition  o f  grow th  o f  
basidiom ycetes was recorded as the difference in mean radial growth (measured from  
the edge o f  the core to the outer colony edge) o f  basidiom ycetes in the presence or 
absence o f  fungal filtrates. These values were then used to calculate the inhibition o f  
h yp hal ex ten s io n  as a p ercen tage o f  h yphal e x te n s io n  in  the p resen ce  o f  th e  
Trichoderma filtrates. Example - I f  radius o f  growth o f basidiomycetes in the presence 
o f  the soluble metabolites is X  and in its absence is  Y, then % inhibition o f  growth o f  
the basidiomycetes by the soluble metabolites o f the Trichoderma is,
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% inhibition o f growth o f  basidiomycetes = Y - X  x  100
Y
3 .1 .3  R esults
Figures 3.1.1, 3.1.2, and 3.1.3 show the growth inhibition caused by soluble metabolites 
from Trichoderma isolates in  the two media types (MEA and LNM).
The results were analysed using an analysis o f  variance test. A  model was used which  
considers all the factors involved in the experiment that may have a role to play in the 
outcom e o f  the results. For exam ple the percentage growth inhibition caused by the 
soluble metabolites is dependent on the following factors, the Trichoderma species (S), 
the m edia (M ) and the decay (D) organism  tested  against. H ow ever th ese  factors 
influence the results not only on their own but also as a combined effect, so the model 
takes into consideration all the factor combinations, i.e., S, M, D , S x  M, S x D , M  x D  
and S x M x D. Therefore the model formula w ill b e Y  = |i  + S + M + D + SM  + SD + 
M D + SM D + error, where \i stands for the overall average and Y is  the % growth  
inhibition value which is dependent on the above factors. A  probability o f  < 0.05 (Table
3.1.3) signifies that factor or factors involved in  the test have an important role to play 
in the outcome o f the results.
M ost isolates show greater specificity towards the brown rot fungus than the white rot 
fungus. This is illustrated more clearly by the mean values (Table 3.1 .1). The values 
however are also dependent on the type o f media used and the inhibition was found to 
be greater in the M EA than the LNM . H ow ever, the growth inh ib ition  is  not only  
dependent on the media and the target decay organism, but is also interdependent on the 
Trichoderma species tested as illustrated in Table 3.1.2. It is clear from the mean values 
that growth inhibition by most species is  higher in the malt medium with the exception  
o f subgroups 1 (T.aureoviride species) and 2  (T.viride species), but fail to reproduce 
th is e ffec t in  the m inim al m edium . The in tersp ecies variab ility  in  the degree o f  
inhibition is also evident from the table 3 .1 .2 , where the inhibition is  h ighest w ith  
metabolites o f T.pseudokoningii species in M EA and lowest with T.aureoviride in the 
same media.
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Interstrain variability also occurs as illustrated by the individual growth inhibition  
values (Figures 3.1.1 and 3.1.2), e.g., T.pseudokoningii (B13) causes 100% inhibition 
o f N.lepideus when grown in MEA, while T.pseudokoningii (B14) shows no inhibition 
o f  this fungus under the sam e test conditions. This is indicated clearly by the high  
standard deviation o f the mean % growth inhibition values as in table 3.1.2. Analysis o f  
variance o f the Trichoderma spp., medium type, decay organism and their interactions 
(Table 3.1.3) shows that each individual variable has a significant effect on the degree 
o f inhibition (S, p<0.001; M, p<0.001; D, pcO.OOl). Significant interactions o f  some of  
these factors imply that their effects are influenced by one or other eg., the Trichoderma 
spp. effect is affected by the media type (S x M, p<0.001). The success o f  a particular 
Trichoderma spp. however does not depend on the decay fungus under attack (S x D, 
p<0.359; S x M x D, p<0.120). Summarising, it is  clear that the percentage growth  
inhibition o f the basidiom ycetes is dependent on the Trichoderma spp. subgroup and 
the medium type used but is irrespective o f  the individual decay fungi that is under 
attack. Therefore, it could be speculated that the inhibitory soluble metabolite is not 
specific to either o f the decay fungi tested however its production is dependent on the 
media consistency.
Medium type Decay Organisms
T. versicolor N.lepideus
Malt agar 7.97 (17.80) 25.39 (30.19)
Low nutrient agar 0.10 (0.63) 4.69 (6.35)
Table 3.1.1 : Mean growth inhibition (%) o f  each basidiom vcetes on the tw o media. 
Each value in the table is the mean for all replicates o f all Trichoderma isolates tested. 
Standard deviations are in parentheses.
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Trichoderma species subgroups
Medium type
1 2 3 4 5
Malt agar 1.07
(1.77)
3.42
(4.18)
27.67
(23.8)
32.03
(37.4)
19.21
(11.56)
Low nutrient agar 2 .2 1
(3.31)
3.49
(6.41)
0
(0 )
0.63
(1.45)
5.64
(6.80)
Table 3.1.2 : Mean growth inhibition (%) o f basidiomycetes on both media types by the 
Trichoderma species subgroups. 1 - T.aureoviride; 2 - T.viride\ 3 - T.harzianum; 4  - 
T.pseudokoningiv, 5 - unidentified Trichoderma. Each value in the table is the mean for 
all replicates o f all Trichoderma isolates tested. Standard deviations are in parentheses.
Factors F ratio Degrees o f  freedom P
Species subgroups(S) 6.46 4,140 p<0 .0 0 1
Medium (M) 24.66 1,140 p<0 .0 0 1
Decay fungus (D) 14.63 1,140 p<0 .0 0 1
Interactions
S x M 9.15 4,140 p<0 .0 0 1
S x D 1 .1 0 4,140 p=0.035
M x D 4.97 1,140 p=0.027
S x M x D 1.87 4,140 p=0 .1 2 0
Table 3.1.3 : Analysis o f variance o f growth inhibition (%) o f  basidiomvcetes bv soluble
metabolites o f Trichoderma.
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Figure 3.1.1 - Growth inhibition (%) of T.versicolor by soluble metabolites of Trichoderma isolates on the two 
media types. B1 - T.aureoviride ; B5, R2, R7, RIO - T.viridc, B ll - T.harzianum \ B13, B14, B15 
-T.pseudokoningii; B16 - unidentified Trichoderma.
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Figure 3.1.2 - Growth inhibition (%) of NAepidem by soluble metabolites of Trichoderma isolates on the two 
media types. B1 - T.aureoviride\ B5, R2, R7, RIO - T.viride\ B1 1 - TAtarzianum; B 1 3, B 14, B15 
T'Pseudokoningii\ B16 - unidentified Trichoderma.
Figure 3.1.3 : Growth inhibition of N.lepideus by soluble metabolites of the unidentified 
Trichoderma B16 on both media types. Plates on the right are controls.
3.1.4 Discussion
Despite extensive research over the last 50 years on the capability of Trichoderma spp. 
to reduce the incidence of disease caused by soil-borne plant pathogens, and more 
recently on their application to inhibit wood degrading basidiomycetes, the mechanisms 
by which control is achieved are still not clearly understood
One of the mechanisms that has been suggested to be involved in the biocontrol of many 
fungi is antibiosis. However it is apparent from the results presented here, that nutrient 
status of the growth medium is an important factor in determining the outcome of 
antagonistic responses with respect to production of inhibitory soluble metabolites 
(Srinivasan et al., 1992 a, b). Greater inhibition of the basidiomycetes was seen in the
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malt medium with respect to production o f  soluble metabolites than in the low  nutrient 
medium. Park et al., (1991) have reported the production o f gliotoxin by Gliocladium 
virens as a function o f source and concentration o f carbon and nitrogen. It was observed 
that as the C:N ratio (glucose:phenylalanine) was increased from 18:1 to 80:1, the 
fungal growth rate decreased and this was directly related to decrease in concentration o f  
gliotoxin produced. Similarly, Sierota (1977) observed the inhibitory effect o f  T.viride 
filtrates on Heterobasidion annosum in  relation to some carbon sources. d-X ylose and 
d-glucose as carbon sources in the media gave the highest degree o f  inhibition when  
their filtrates were directly tested against H.annosum mycelium. The protection o f pine 
w ood blocks with filtrates was m ost e ffective  when these were derived from m edia  
containing cellulose and d-xylose.
Apart from variations in the lev e l o f  production o f  m etabolites, the Trichoderma 
isolates in this study were also seen to exhibit target specificity towards the brown rot 
fungus Neolentinus lepideus. This indicates that the Trichoderma can either recognise 
or access the target components o f the brown rot fungi better than that o f  the white rot 
fungi or the latter has a better defence system that masks their presence. It has recently 
been reported that both brown and white rot fungi can produce hyphal sheaths. Foisner 
etal. (1985 a, b) and Messner etal. (1984 a, b and 1987) described in detail for the first 
time, using transm ission electron m icroscopy, extracellular membranous structures 
(sheath) o f brown- and white-rot basidiomycetes, and suggested a possible role for these 
structures in wood decay. Extracellular layers (hyphal sheath) enveloping vegetative  
hyphae o f  fungi are a common morphological feature (Bracker, 1967; Palmer et al., 
1983). Hyphal sheaths are postulated to provide several functions for living hyphae; eg., 
1) attachment to solid substrate, 2) a nutrient reserve, 3) reduce desiccation and nutrient 
loss, 4) provide protection against toxic chem icals, 5) facilitate wood degradation by 
storing or concentrating wood degrading agents, f) maintain a favourable moisture/pH  
environment for enzym e activity, and g) conditioning the substrate prior to enzym e  
action (Highley, 1987; Green etal., 1989 b). It is possible therefore that the protective 
hyphal sheath o f  the brown rot fungi is not produced in  high amounts in the LN M , 
thereby permitting greater access to the cell wall than occurs in the white rot fungi. But 
since the inhibition o f the brown rot is also comparatively higher in the MEA, it may be
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speculated that the hyphal sheath produced by the w hite rot fungi are overall more 
protective than that o f the brown rot fungi.
The d esign  o f  the experim ent how ever, exam ined  on ly  the e ffec t o f  m etabolites  
constitutively produced in  either o f the two media types. The high level o f  inhibiton in  
MEA may not therefore represent the inhibition o f  this particular pathogen which may 
occur when these two organisms are competing in situ in wood, where the presence o f  
the decay fungus may act to induce the production o f  the antagonistic metabolites by the 
Trichoderma.
Constitutive production o f metabolites and induction o f  others by the presence o f target 
organisms in Trichoderma was observed by Tokimoto (1987). Metabolites produced as 
a result o f  the presence o f  the target pathogen were named "mycoalexins" by these  
authors analogous to "phytoalexins" produced by plants as part o f  their d efen ce  
mechanism. It is possible that Trichoderma isolates or their metabolites are capable o f  
recognising or o f being directed against the surface antigens o f  certain decay organisms 
more readily than others. Therefore the analysis o f  variance o f  the results (table 3.1.3) 
that show media type is more important rather than target organism in  determining the 
level o f inhibition is strictly because it is based on the response o f the antagonist in  each 
respective media type rather than against the target pathogens. The absence o f  any 
induction factor such as target cell walls may also account for the low  response in the 
LNM. This lack o f  induction may be overcom e in  the M EA due to its high nutrients, 
how ever any m etabolites produced may not necessarily  still represent these w hich  
would be produced in the presence o f the pathogen. Introduction o f  the target pathogen 
mycelium or cell wall material into the liquid culture media in  which the Trichoderma 
is  grown, may g ive  a more accurate representation o f  the m etabolites lik e ly  to be  
produced during interaction between the Trichoderma and its target in wood.
Tokim oto et al., (1987) had problems w ith Trichoderma and related fungi, as they  
attacked Lentinus edodes m ycelia in bed-logs and therefore reduced the y ie ld  o f  the 
edible mushroom. They established that production o f  antibiotics like trichopolyns I and 
II by T.polysporum and production o f  ly tic  enzym es by other Trichoderma spp.
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increased when they contacted the Lentinus m ycelium  (T okim oto, 1982, cited  in  
Tokim oto et al., (1987)) or with ce ll w all m aterial o f  Lentinus lacking extracted  
proteinaceous material (Kitamoto etal., 1984, Tokimoto etal., (1987)). Presence o f the 
pathogen mycelium may be a necessity if  the antibiotic produced is  specifically directed 
at the membrane o f  the pathogen, causing lysis like the trichotoxin A-40 (a membrane­
exciting peptide) produced by a T.viride isolate (Irmscher et al., 1978). Therefore such 
metabolites may work on the basis o f  a trigger mechanism, and Trichoderma isolates 
may stimulate production only in the presence o f the pathogen.
Tokimoto et al. (1987) also noted that the antifungal substances produced in culture by 
the Lentinus edodes differed before and after Trichoderma attack. It is  possible that 
these components are part o f the antigenicity or recognition signals o f  the decay fungi, 
that is  picked up by the antagonists. The interaction outcom e was also found to be 
dependent on the carbon source of the medium, i.e., the production o f  metabolites was 
greater in  medium with glucose than with xylose. And there also seem ed to be target 
specificity in the production o f metabolites, though many different m etabolites were 
detected in liquid culture o f  Trichoderma before inoculation o f  the decay fungi only  
certain ones were found to be produced in the presence o f  the decay fungi. Thus the 
above observations made by these w orkers h ig h lig h t the co m p lex ity  related  to 
production o f  such metabolites, not only is their production dependent on the type o f  
medium used but also on their target. Any antagonistic effect could therefore be by a 
single toxic metabolite or a m ultiplicity o f components, the production o f  which are 
governed by complex regulatory mechanisms.
Researchers trying to reproduce antagonistic effects seen in  liquid culture media in the 
laboratory in soil, have failed on numerous occasions (Williams and Vickers, 1986). The 
reasoning put forward for the lack o f  correlation is that, attempts to estab lish  the 
presence in the so il o f  those m etabolites produced in liquid  culture have not been  
su ccessfu l. It is  p o ssib le  that the organism s in  liqu id  culture produce m od ified  
m etabolites. The production o f  such m odified  m etabolites needs to be established  
betw een M EA, LNM  and wood.- I f  this d ifference is the reason for varied results  
between MEA and LNM, then the results o f  LNM  that is nutritionally closer to wood
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may be speculated to be the true results in situ. This therefore illustrates the importance 
o f devising a media similar in nutrient consistency to w ood for such experimentation. 
A lso  in teresting  is  the observation  for T.harzianum, in  w h ich  G hisalberti and 
Sivasithamparam (1991) observed enhanced metabolite production on ageing. Since the 
metabolites are produced on ageing it is quite plausible that they are produced as part o f  
the secondary metabolism o f  the fungus. The results obtained by Lumsden et al. (1990) 
would also appear to indicate that successful biocontrol action is associated only with a 
transient growth o f T.harzianum during which there is no more increase in biomass.
This leads to the hypothesis that some o f  these biological control agents may have to be 
in a growth decline phase before they can produce high enough amounts o f  antibiotic 
metabolites. Nutrient stress in  liquid culture would seem to approach more closely  the 
conditions in which these organisms naturally find them selves. In com petition with  
other organisms for limited nutrient supply, the producer o f  antibiotics would appear to 
have some advantage in ensuring its growth and survival. It seems reasonable to suggest 
that in  terms o f  econom y an organism  w ould divert its m etabolic effort to making 
antibiotics only when it is in  competition for a substrate which it requires for growth. 
This situation was m im icked by Bushell (1989) who used a cyclic fed batch culture, 
where the substrate concentration was deliberately kept low . W ood has a low  nutrient 
content and these are m ore irregularly distributed even  than in  so il, due to their  
redistribution in  the processed timber. This redistribution o f  nutrients within w ood is 
mainly due to evaporation o f  water during the drying o f  wood, which forces most o f  the 
nutrients to the surface (King etal., 1974). However, the essential carbon and nitrogen 
sources in the w ood that are necessary for growth o f  the fungi still remain and it is  
important to include these carbon and nitrogen sources in any artificial media to m imic 
the nutrient consistency o f  wood especially since observations made by workers with  
soil emphasise the importance of selecting the correct m edia for study o f  m etabolite 
production.
To com plicate matters, apart from the m edia factor, and the decay organism  under 
attack, each o f  the individual Trichoderma species and strains also show variation in  
their responses. In this study it was clear that T.pseudokoningii and T.harzianum
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species exhibited higher antagonistic potential in  comparison to the other species in the 
ME A. However these species failed to reproduce this effect in the low  nutrient medium. 
It is possib le that as observed by Tokim oto et al. (1987), the presence o f  the target 
pathogen, i.e., the decay organisms is necessary for the production o f any metabolites. 
Such interspecies and interstrain variability was also observed by Dennis and Webster 
(1971 a) in their study on production o f non-volatile metabolites by Trichoderma spp.
A considerable amount o f  work has been reported on the antagonistic responses o f  
Trichoderma spp. against plant pathogens, however given the com plexity with which  
these antagonists operate, it  cannot be assum ed that the sam e m etabolites that are 
directed against the plant pathogens are also responsible for inhibition o f w ood decay 
pathogens. Therefore further research still needs to be carried out to estab lish  the 
sp ecific  inhibitory m etabolites in vo lved  in  the antagonism  o f  w ood  decay fungi. 
However the first consideration in any such study must be the use o f appropriate media, 
as has been show n clearly in this study. T hese antifungal com pounds m ay have a 
significant role in the competitive saprophytic ability o f these fungi in soil and wood, 
w hich is  enhanced by their nonexacting nutritional requirem ents. It is  im portant 
however to keep an open view  about the effect o f  such m etabolites. They m ight not 
necessarily be the sole agent responsible for the antagonism o f the basidiom ycetes by 
the Trichoderma spp. It is possible that these antibiotics weaken the basidiomycete cell 
walls (like, Trichotoxin A -40 and Alamethicin, the membrane damaging metabolites) 
and predispose them to parasitism, via the production o f lytic enzymes like laminarinase 
and chitinase by them selves or by other strains. Thus also emphasising the importance 
o f  mixed culture antagonism. Where, i f  more than one antagonist is tested against a 
pathogen the antagonistic effect o f one can be complemented by the other, for example, 
high production o f  soluble m etabolite by one iso late may help in  the first stages o f  
antagonism followed by lytic effect o f enzymes produced by another isolate in the same 
cu lture m edium . It m ight also be an im portant co n sid eration  in  term s o f  f ie ld  
application, to com bine species or strains o f  Trichoderma w ith varied antagonistic  
capabilities. H ow ever by identify ing and characterising the sp ec ific  m etabolites  
in v o lv e d  in  the a n tagon istic  p rocess, such  an tifungal com pounds m ay a lso  be 
synthetically made for use as a wood preservative product, with numerous applications.
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Chapter 3
Section 2
Volatile Antibiotic Production
C h a p te r  3
A n t a g o n is t i c  M e c h a n is m s
S e c t io n  2  - P ro d u ctio n  o f  In h ib itory  V o la t ile s
3.2.1 Introduction
In contrast to the wide interest in  production o f non-volatile antibiotics by Trichoderma 
species very little work has been carried out on the production o f  volatile antibiotics. 
Although the nature o f  these volatile antibiotics identified to date are relatively sim ple 
(eg ., ethyl alcohol, ethyl acetate, octanol etc.) (Taylor, 1986) in com parison to the 
soluble metabolites, the huge variety o f components, the low  levels in  which they are 
produced and their em ission at different times during the life  cycle o f  the antagonists 
makes their study a far more difficult task.
Again there is far more literature on effect o f  Trichoderma volatiles on plant pathogens 
than against wood decay basidiomycetes. However knowledge gained from such studies 
may help to understand their possible role in  inhibition o f  growth o f basidiom ycetes. 
Dennis and Webster (1971 b) were one among the earlier pioneer workers to observe the 
production o f  vo la tiles  in  Trichoderma spp. and realised  the variations in  their 
production within isolates, and even within the same species aggregate. In their work 
they often observed that antagonistically active iso lates were all associated  w ith a 
"coconut" sm ell which had previously been noted by B isby (1939) and R ifai (1964, 
1969). Furthermore they com m ented that those isolates that caused an appreciable 
inhibition in the growth o f  Rhizoctonia solani after only a day o f  exposure were only 
isolates having the specific smell. The substance responsible for this sm ell has since  
been identified as 6-n-pentyl-2H-pyran-2-one (6 PP) by several groups and its biological 
activity against a number o f  plant pathogens has been demonstrated (M erlier et al., 
1984; Claydonef al., 1987; Ghisalberti etal., 1990).
The biological significance o f the production o f volatile metabolites by these fungi have 
interested m ycologists for many years (B ila i, 1956; H utchinson and Gowan, 1972;
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Tamimi and Hutchinson, 1975). This has been firstly because o f  their simple chemical 
nature, they include compounds like ethyl alcohol, ethyl acetate, sec-butyl alcohol, 
iso a m y l a lc o h o l, o cta n o l, o c ta -3 -o n e , o c t - l - e n e -3 -o l  (S a ito  et al., 1 9 8 1 ) and  
acetaldehyde (Dennis and Webster, 1971 b) and secondly because o f the part that may 
be played by such metabolites in the sexual reproductive cycle o f many plant pathogenic 
species responsible for diseases in som e o f  the w orlds’s m ost important agricultural 
crops including Phytophthora spp. (Reeves and Jackson, 1972; Pratt et al., 1972)
During studies carried out with a number o f  Trichoderma species, Dennis and Webster 
(1971 b) observed  that their v o la tile  inh ib itory e ffec t against a number o f  plant 
pathogenic fungi, showed no specific pattern in their degree o f inhibition against any o f  
the specific pathogens. Some o f the volatiles were even found to stimulate growth o f the 
pathogens. Although there exists a variability in  the results, certain isolates that show a 
high inhibitory effect can be developed by further genetic manipulation to better express 
their existing inhibitory effect. In most cases the volatile products o f Trichoderma have 
been found to be solely fungistatic, however, Bilai (1956) and Khasenov (1962) (quoted 
in  Dennis and W ebster, 1971 b) reported that Trichoderma iso lates could  produce 
fungicidal volatiles.
During some earlier studies, gases from cultures o f  a strain o f  T.harzianum inhibited  
growth o f  Aspergillus niger Van Tieghem, Pestalotia rhododendrii Guba and several 
saprophytic bacteria (Hutchinson and Gowan, 1972). The only metabolites detected in 
significant amounts were carbon dioxide and ethanol and the authors concluded that 
these com pounds were responsib le for the activ ity . Tronsm o and D en nis (1 9 7 8 )  
however, later showed that carbon dioxide did not account for all the inhibition by 
volatile components from Trichoderma. Claydon etal. (1987) examined two strains o f  
T.harzianum, each o f  w hich  produced the characteristic coconut arom a and had 
previously been recorded as an effective antifungal agent (Lynch et al., 1984). The two 
stra in s  w ere  fo u n d  to p ro d u ce  6 -n -p e n ty l-2 H -p y r a n -2 -o n e  ( 6 P P ) and  th e  
dehydroanalogue, 6-n-pentenyl-2H -pyran-2-one. The pentyl analogue, the major 
product, show ed potent inhibitory properties against a w id e range o f  fu n gi and 
considerably reduced the rate o f damping-off in lettuce seedlings by Rhizoctonia solani.
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This supported the earlier observation o f  Merlier etal. (1984) who found 6 -n-pentyl- 
2H -pyran-2-one ( 6  PP), produced by a strain o f  T.harzianum, to be inh ibitory to 
Ceratocystis (=Ophiostoma) ulmi (Buism ). Nannf. and Botrytis cinerea Pers. This 
compound exhibited a w ide range o f  activity against sclerotia-forming pathogens and 
the take-all fungus (Gaeumannomyces graminis var tritici Walker).
M ost o f  the work undertaken to examine the effect o f  Trichoderma volatiles against 
w ood  decay basid iom ycetes have been  by Bruce et al. (1984 , 1987 a, b ). M ould  
inhabitants o f creosoted w ood were tested for volatile activity against Neolentinus 
lepideus and other basidiom ycetes. Only Trichoderma species were found to release 
volatiles which produced a fungistatic effects on Heterobasidion annosum and both 
fungistatic and fungicidal effects on two strains o f  NJepideus. Other basidiom ycetes 
were largely unaffected by volatile production (Bruce et al., 1984).
All o f the above work however involved the use o f  malt extract media for evaluating the 
inhibitory potential o f  Trichoderma volatiles. This is not however representative o f the 
true nutritional state o f  the test substrate, which is crucial in the study o f  such complex 
regulation o f  metabolites. The following work reported here enable the appreciation o f  
importance o f media composition in such studies. The role o f  volatile antibiotics as a 
so le  antagonistic m echanism  and its effect on different target pathogens w as also  
examined.
3 .2 .2  M aterials and M ethods
A gar p lates o f  each o f  the two m edia types (M EA  and L N M  (see  sec tio n  2 .2 .2 )  
autoclaved at 121 °C for 15 min) and inoculated centrally with cores (0.6 cm diameter) 
o f each o f the ten Trichoderma isolates and the two basidiomycetes. Plates containing 
b asid iom ycete inocu la  were covered w ith a sem iperm eable polythene mem brane 
(MacKay and Lynn, Edinburgh, U.K.) and inverted over the plates containing individual 
Trichoderma isolates (the Trichoderma and superimposed basidiomycete were always 
on the same media type) and incubated at either 22 or 25 °C (four replicates/treatment). 
Appropriate controls for each medium consisted o f plates o f either basidiomycete on the 
respective media superimposed over uninoculated plates o f  the same medium. Inhibition
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o f  growth o f the basidiomycetes was recorded as in the soluble metabolite experiment, 
(section 3.1.2., i.e., the difference in mean radial growth o f  the basidiom ycetes in the 
presence and absence o f the Trichoderma). These values were then used to calculate the 
percentage inhibition o f hyphal extension o f  the basidiom ycetes in the presence o f  the 
Trichoderma volatiles.
3 .2 .3  R esults
F igures 3 .2 .1 , 3 .2 .2  and 3 .2 .3  show  the percentage grow th in h ib ition  o f  the tw o  
basidiom ycetes caused by volatiles from the Trichoderma isolates. In the M EA the 
inhibition o f  the brown rot fungus, N.lepideus is  greater than that o f  the w hite rot 
fungus, T.versicolor, whereas the inhibition o f  the white rot fungus is greater than the 
brown rot fungus in the LNM . A ll these features are clearly evident from the mean 
values show n in  Table 3 .2 .1 . As seen  w ith production o f  so lu b le  m etabolites the 
Trichoderma isolates again exhibit interspecies variability in  inhibition by  volatile  
antibiotic production (Table 3 .2 .1) e .g ., T.aureoviride sp ecies g ive  a mean growth  
inhibition o f around 50% against N.lepideus whereas the T.pseudokoningii isolates give 
a mean o f  only 2% inhibition under the same conditions. Unlike the results for soluble 
metabolites, the levels o f  inhibition produced by the individual Trichoderma isolates  
within one species group do not show much interstrain variability. Table 3.2.2 shows the 
analysis o f  variance o f  the growth inhibition values. It is  clear from the probability  
values that all factors i.e., Trichoderma species groups, decay organisms tested, and the 
media type, play an important role in inhibition o f the basidiom ycetes by volatiles (S, 
pcO.OOl; M, p,0.001; D, p<0.005).
It is  also evident that all factors and interactions determine the level o f inhibition ( S x 
M, S x D, M x D, S x M x D, each have a pcO.OOl) and are influenced by one another. 
Therefore, it can be concluded that the inhibition o f  basid iom ycetes caused by the 
volatiles is influenced by all three factors, the decay organism under attack, the media 
type used, and the sp ec ies  o f  the antagonistic Trichoderma. U n lik e th e so lu b le  
m etabolites where the decay organism under attack had no bearing on the lev e l o f  
inhibition, the volatiles seem to be more target specific to selected decay fungi.
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Trichoderma species subgroup
Medium type Decay species 1 2 3 4 5
Malt agar
T. versicolor 10.49
(3.11)
9.65
(7.39)
0.30
(0.61)
0.30
(0.56)
2.77
(3.24)
N.leoideus 49.99
(7.56)
29.23
(17.0)
2.13
(2.47)
1.92
(2.92)
2.13
(2.83)
Low nutrient 
agar
T. versicolor 10.79
(2 .8 8 )
3.34
(2.58)
11.51
(3.42)
3.29
(2 .1 1 )
2.15
( U 8 )
N.lepideus 0.17
(0.34)
4.90
(5.49)
0
(0 )
0.36
(0.87)
0
(0 )
Table 3.2.1 : Mean inhibition (%) values o f  basidiom ycetes in  the two media types by the 
volatiles o f Trichoderma subgroups. Each value in the table is the mean for all replicates o f all 
Trichoderma isolates tested. Standard deviations are in parentheses. 1 - T.aureoviride; 2 - 
T.viride', 3 - T.harzianum', 4 - T.pseudokoningii\ 5 - unidentified Trichoderma.
Factors F ratio Degrees o f  freedom P(<)
Species subgroups(S) 30.56 4,140 0 .0 0 1
Medium (M) 33.03 1,140 0 .0 0 1
Decay fungus (D) 8.27 1,140 0.005
Interactions
S x M 20.84 4,140 0 .0 0 1
S x D 10.07 4,140 0 .0 0 1
M x D 48.24 1,140 0 .0 0 1
S x M x D 10.06 4,140 0 .0 0 1
Table 3 .2 .2  : A nalysis o f  variance o f  growth inhibition (%) o f  basid iom ycetes by
volatiles o f Trichoderma.
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Figure 3.2.1 - Growth inhibition (%) o f T.versicolor by volatiles o f Trichoderma isolates on the two media types. 
B1 - T.aureoviride\ B5, R2, R7, RIO - T.viride\ B l l  - T.harzianum; B13, B14, B15 - T.pseudokoningii', B16 - 
unidentified Trichoderma.
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Figure 3.2.2 - Growth inhibition (%) o f N.lepideus by volatiles o f Trichoderma isolates on the two media types. 
B1 - T.aureoviride; B5, R2, R7, RIO - T.viride\ B l l  - T.harzianum; B13, B14, B15 - T.pseudokoningii; B16 - 
unidentified Trichoderma.
Figure 3,2.3 : Growth inhibition of N.lepideus by volatiles of T.viride RIO on both 
media types. Plates on the right are controls. Diameter of basidiomycete growth on the 
over plates is as indicated.
3.2.4 Discussion
Many workers have found it difficult to study the array of volatiles produced by 
Trichoderma species, due to the complex combinations in which they are produced. 
Though they are relatively simple in chemical composition, the degree of variability in 
their production within Trichoderma spp., against different pathogens at various times 
of their life cycle (Dennis and Webster, 1971 b) has made the task of identifying 
individual active compounds difficult. However, the effect of such volatile antibiotics 
against pathogens may be considerably more important in the in situ control of wood 
decay fungi than soluble metabolites due to their ability to diffuse further through the 
substrate in comparison to soluble inhibitory components.
From the results obtained here it is clear that production of inhibitory volatiles is not 
only dependent on the media type but also on the target organisms involved (Srinivasan 
et ah, 1992 a, b). In MEA the inhibition of the brown rot fungus was generally higher 
than the white rot fungus, the situation was however reversed in the LNM, where the 
Trichoderma volatiles showed higher inhibition of the white rot fungus. This implies 
that volatiles produced only in the high nutrient medium result in lower inhibition of
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growth o f  the brown rot fungus, however entirely separate volatile m etabolites only  
capable o f being synthesised in a LNM are responsible for the inhibition o f  the white rot 
fungus. This illustrates the importance o f using an appropriate media for such studies, as 
results obtained in the ME A  would have indicated that the Trichoderma species have a 
target specificity against the brown rot fungus. This target specificity could however be 
due to the protective effect o f  hyphal sheath produced by basidiom ycete (Green et al., 
1989 b) already discussed  in  section 3 .1 .4  w ith regard to solub le m etabolites. The 
situation however seem s to be reversed here in  com parison to inhibition by soluble  
m etabolites, as the brown rot fungi are inhibited less  than the white rot fungi in  the 
LNM . It is possible therefore that the hyphal sheath material produced in the LNM  is 
providing better protection to the brown rot fungi against volatiles. A lternatively the 
particular target components on the white rot fungi may be detected better by volatiles 
than soluble metabolites thereby increasing inhibition due to better contact between the 
the antagonist volatiles and the components on the hyphal sheath.
A s the volatiles produced in  a high nutrient medium that is  not representative o f  the 
natural substrate do not appear to be produced in the LNM  their ability to inhibit the 
brow n rot fungus in  th is  m edium  cannot be co n sid ered  to be o f  any p ractica l 
significance for biocontrol in vitro. However, the Trichoderma isolates (B1 and B l l )  
that show inhibition o f the white rot fungus in the LNM, may be o f  some importance. 
Interestingly these two isolates showed absolutely no inhibition o f the white rot fungus 
in  LN M  by solub le m etabolites. There seem s to be a pattern in  the exp ression  o f  
m etabolites by Trichoderma spp. in  that low er inhibition o f  the basid iom ycetes by 
soluble metabolites is compensated with higher inhibition by volatiles and vice versa. It 
is  however still curious that high inhibition o f  the brown rot fungus in  the M EA is 
com pletely absent in the LN M  and it is p ossib le that due to very lo w  nutrients the 
volatiles produced are lim ited and have no target specificity  towards the brown rot 
fungi. But the limited range or quantity o f inhibitory volatiles that are produced in the 
LNM  are targeted against the white rot fungus. Such target specificity towards certain 
fungi was observed by both Dennis and W ebster, 1971 b and Bruce et al., 1984, but 
both their studies in volved  the use o f  m edia such as m alt extract w hich this study
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indicates w ould g ive  results that w ould  not be repeated in  a m edium  closer to the 
nutrient status o f wood.
It was also evident from the results that there was a degree o f interspecies variability in 
the level o f  inhibition against the basidiomycetes, as observed by Dennis and Webster, 
1971 b. These authors used a number o f  strains o f  the following Trichoderma species, 
T.hamatum, T.koningii and T.viride and noted that volatile antagonistic effect against 
the plant pathogen Rhizoctonia solani were both variable among and between species 
and strains o f  Trichoderma. Interstrain variability however was not as evident in the 
observations made in this study. Dennis and Webster (1971 b) noted that there was also 
a certain degree o f variation in the inhibition levels at different stages o f  Trichoderma 
growth. It is evident from the results obtained here that inhibition o f basidiomycetes by 
most Trichoderma isolates is related to age o f growth. In most cases it was clear that the 
inhibition o f growth o f  the basidiomycetes was pronounced only after the fifth  day o f  
exposure to the antagonist until which tim e they had follow ed  the growth rate o f  the 
controls very closely. Assuming the inhibitory volatiles are secondary metabolites they 
will only be produced after the growth period o f the antagonist and therefore their effect 
will only be seen at that stage o f  growth.
Such differences in production o f volatiles related to age o f mycelium was also observed 
by Gervais and Sarrette (1990). The production o f  2-heptanone, "cheese aroma" by 
Trichoderma viride cultivated  on agar m edia w as evaluated using headspace gas 
chromatographic analysis. An apparatus intended to measure the aroma production o f  
different areas o f  a m ycelial colony was set up. The study o f  the aroma production o f  
these areas showed that the production values differed greatly and were dependent on  
the age o f the colony and that volatile production from any one locus evolved with time. 
It was shown that mycelial aroma production was maximum when m ycelia were about
3.5 to 6.5 day old, and this concurs with the inhibitory effects seen during this study.
There also seems to a correlation between the "coconut aroma" from the M EA culture 
media and the inhibitory effect o f the Trichoderma spp. as observed by Merlier et al. 
(1984), Claydon et al. (1987) and Ghisalberti et al. (1990). These workers found that
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this aroma was due to the compound 6-n-pentyl-2H-pyran-2-one (6 PP) which is thought 
to be responsible for the inhibitory e ffec t against se lected  plant pathogens. In the 
experiments carried out here it was found that the coconut aroma was only found in the 
MEA cultures and was absent in  the cultures grown on LNM. And there was a definite 
correlation betw een  the iso la tes that exh ib ited  this sm ell in the M EA and higher  
inhibitory effect against the basidiomycetes. However, this effect was not evident in the 
LNM, and there were a few  isolates that exhibited equally high inhibition level in this 
medium without the production of any coconut odour. This im plies that perhaps these 
compounds may not have a specific role in  inhibition o f  the basidiom ycetes. It also  
illustrates the false interpretation o f results due to use o f inappropriate media. Though 
the coconut aroma is  related to inhibition o f  basidiom ycetes in  the M EA, as this does 
not occur in the LNM  which is closer in nutrient consistency to wood the results in the 
former media are o f limited significance with respect to biocontrol.
It is possible that the volatiles like the soluble metabolites when produced may weaken 
pathogens and predispose them to the rest o f  the antagonistic strategies, including  
enzymes by other strains or species o f  Trichoderma. In the hyphal interaction study o f  
T.harzianum and T.polysporum with wood decay fungi by Murmanis et al. (1988 b), 
these authors observed that during the mycoparasitic interaction the hyphae o f  the decay 
fungi were void o f cytoplasm ic contents whether or not Trichoderma were present in 
the immediate vicinity. As the Trichoderma isolates used in their study did not produce 
any so lub le m etabolites as confirm ed by agar plate testin g , they specu lated  that 
denaturation o f  cytoplasm ic contents observed in the hyphae o f  the basidiom ycetes 
some distance away from the Trichoderma could be due to volatile components with  
inhibitory properties, that can affect organisms remote from the sites o f production. It is 
reasonable to assume such a strategy with the results obtained with the isolates in this 
study as the volatiles only exhibited a fungistatic effect rather than a fungicidal effect 
against the basidiomycetes, therefore it is fair to assume that they do not comprise the 
sole antagonistic mechanism involved in elimination o f the wood decay fungi. However, 
in previous work done by Bruce et al. (1984) on the effect o f  Trichoderma volatiles  
against a range o f  w ood  decay fungi, these authors observed both fungistatic and 
fungicidal effects. Considering the fungistatic effect o f  the volatiles, it is  important to
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realise that this could be a paramorphogenic effect. It has been observed by Skone and 
D ixon (1981) that certain carbon sources like sorbose caused a change in the fungal 
morphology while the biomass was unchanged in fungi like Ceratocystis adiposa. This 
visual decrease in diameter o f growth is compensated by increased production o f  aerial 
m ycelium , thereby indicating the need to monitor the extent o f  biom ass production. 
Substrates or com p ou n ds that stim u lated  su ch  an e f fe c t  w ere g iv en  the nam e  
paramorphogens. Though no unusual carbon sources were included in the LNM  in the 
study o f  volatile antibiotic production, it is possible that the volatiles produced may 
show such paramorphogenetic effect against the w ood decay fungi. This effect however 
cannot play any such role i f  the growth o f  basidiomycete is inhibited 1 0 0 % by volatiles 
as observed by Bruce et al. (1984) or is  lik e ly  to account for som e o f  the h igher  
percentage inhibition values recorded in this study.
It is clear from the above study that there is a com plex regulatory mechanism involved  
in  the production o f  these volatiles and selection  o f  an appropriate m edia for such  
studies is important in determining the activity o f any volatiles produced. Also since the 
volatiles are highly targeted against certain basidiom ycetes or certain basidiom ycetes 
are better at protecting themselves from such metabolites, any conclusions drawn with 
regard to inhibiton by volatiles should be preceded by careful experimentation. A lso if  
the age related production o f  volatiles is repeated during colonisation  o f  the w ood  
substrate by Trichoderma, m ycelia  at d ifferent stages o f  grow th w ou ld  protect 
themselves by emitting either volatiles or any other inhibitory component against other 
co m p etitiv e  fu n g i. H ow ever , there m ay be no f ix e d  re la tio n sh ip  b e tw een  the  
physiological state o f the mycelial tips at different stages o f  growth invading a substrate, 
and they might be responding on an individual basis to the signals that they pick up at 
their ind ividual areas o f  co lon isation . M etabolites or v o la tiles  may therefore be 
produced as a individual response by hyphal tips rather than a whole colony reaction as 
measured in this study.
Knowledge gained with regard to the chemical consistency and mechanism o f  inhibiton 
by potent volatiles may be used to design volatile protectants for w ood that are less  
toxic than the volatile chemicals that are already in use eg., Chloropicrin, Vapam. Such
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bioprotectant volatiles may be used for more specific purposes like spraying o f  smaller 
confined indoor areas where the human toxicity o f  other volatile fumigants would create 
difficulties. However this can only be achieved i f  the exact chemical composition o f  the 
volatiles can be identified. The simultaneous distillation-extraction (SDE) system  by 
Likens and Nickerson (1964) and modified by Godefroot, Sandra and Verzele (1981) is 
one o f the most popular methods currently used to isolate volatile components from a 
matrix prior to gas chromatographic analysis (Maignail et al., 1992; references above as 
c ited  in  th is  paper). Other m ethods lik e  m u ltisorb en t therm al d eso rp tio n /g a s  
chromatography/mass selective detection methods developed by Heavner et al. (1992) 
for determination o f  target indoor volatile organic compounds in indoor air can also be 
modified to monitor volatiles produced by fungi. Though experimental facilities exist to 
determ ine the vo la tiles responsib le for inhibitory effect, the com plex varieties o f  
v o la tiles  that are produced on d ifferent m edia types and against d ifferent target 
organisms makes this a complex time consuming task.
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Chapter 3
Section 3
Lytic Enzyme Production
C h a p te r  3
A n t a g o n is t i c  M e c h a n is m s  
S e c t io n  3 - L y tic  E n z y m e  P ro d u ctio n
3.3 .1  Introduction
Parasitism is only one out o f  three main antagonistic relationships betw een m icro­
organism s - the other two being antib iosis and com petition (Chet, 1987). W hen a 
parasitic fungus attacks a pathogenic fungus in a biotic system, it can be considered as a 
mycoparasite (Cooke, 1977).
During the seventies researchers did not realise that parasitism could indeed serve as an 
effective tool for biological control. During the last decade however, with increasing 
research in  this field , and accum ulation o f  data on the efficacy  o f  m ycoparasites as 
efficient biocontrol agents (Baker, .1987 b) this attitude has changed. There are several 
exam ples o f  this phenomenon and as far back as 1957, Tribe (1957) discovered that 
Coniothyrium minitans directly attacked the sclerotia o f  Sclerotinia trifoliarum. 
Another effective mycoparasite is Ampelomyces quisqualis which invades powdery  
m ildews (Sztejnberg et ah, 1988). L ifshitz et al., 1984 found a new species Pythium 
nunn capable o f  causing lysis to germinating sporangia o f  Pythium ultimum in  soil. 
Paulitz and Baker (1988) suggested that the mechanism involved in this system may be 
competition derived from ectoparasitic activity. However m ost o f  the work related to 
mycoparasitism since then has been carried out with Trichoderma spp.
The genus Trichoderma contains many sp ecies that are noted for their capacity to 
parasitise other fungi and to act as biocontrol agents. Trichoderma harzianum is  the 
species most frequently reported to be an effective antagonist against plant pathogens. 
Its host range includes Sclerotium rolfsii (W ells et al., 1972), Rhizoctonia solani 
(Hadar et al., 1978), Pythium aphanidermatum (Sivan et al., 1984) and many others.
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M ycoparasitism, a direct attack o f one fungus on another has been reviewed in a very 
thorough way by Baker (1987 b). Many research reports deal with mycoparasitism as it 
relates to biological control (Baker and Cook, 1974; Chet, 1987). Interactions between  
mycoparasites and their target fungi occur in sequential but overlapping phases: target 
location by chemotrophic growth; recognition; attachment; penetration with aid o f lytic 
enzymes and nutrient acquisition. The presence, duration and importance o f  each phase 
depend on the fungi involved; whether the mycoparasite is biotrophic (causes little harm 
to host) or necrotrophic (kills the host in advance or immediately on contact); the target 
organism being attacked; and the nature o f  the habitat and its prevailing environmental 
conditions. The successive biochem ical events and fungal products involved  in this 
phenomenon are as follows:
a) Chemotrophic growth - A  positive chemotrophism is a directed growth towards a 
chem ical stimulus. In 1981 it was found that Trichoderma can detect its host from a 
distance (Chet et al., 1981). The mycoparasite begins to branch in an atypical way and 
these branches grow toward the pathogenic fungus. Apparently Trichoderma grows 
according to a chemical gradient - however, no specific stimuli other than amino acids 
and sugars have yet been detected (Chet, 1990 b). It is  not clear, therefore, i f  this 
phenom enon is specific to certain hosts. The above author also noted that although  
chemotrophism may have some advantage for the antagonist it is not an essential step 
for m ycoparasitism . C hem otactic resp on ses in  host-parasite relation sh ips w ere  
previously  found in  ly tic  bacteria (C het et al., 1971) or nem atode trapping fungi 
(Jansson and Nordbring-Hertz, 1979)
b) Recognition - In all experiments dealing with Trichoderma (Chet, 1990 b) it  was 
found that the antagonist was rather specific and attacked only a few  fungi. This led to 
the hypothesis that there is a molecular basis for such specificity which may depend on 
recognition. Among factors mediating the intercellular recognition between cells, lectins 
apparently play an important role.
Work done by Elad et al. (1983 a) showed that a lectin present in Rhizoctonia solani 
hyphae binds to galactose sugar residues on Trichoderma cell walls. This agglutinin
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m ay p la y  a ro le  in  prey  rec o g n itio n  by the predator. S in c e  m any is o la te s  o f  
T.harzianum can parasitise Rhizoctonia solatii the system studied by Elad et al. (1983 
a) did not enable the study o f specificity o f different Trichoderma isolates. Barak et al. 
(1985) studied the role o f  lectins in  the interaction  o f  Trichoderma w ith another 
basidiom ycete Sclerotium rolfsii. This plant pathogen produced a lectin in solid and 
liquid media. Extracts o f the fungus as w ell as the culture filtrate, agglutinated certain 
gram -negative bacteria and yeasts, but not human red b lood  cells. D -G lucose, D- 
mannose and several o f  their derivatives specifically inhibited the agglutination o f cells 
o f Escherichia coli. Their study tested the possibility that recognition between the host 
and the Trichoderma isolate is responsible for specificity. Indeed, Sclerotium rolfsii 
lectin  was found capable o f  only agglutinating the conidia o f  T.hamatum, show n to 
attack this fungal host, and not the other tested Trichoderma isolates (Barak et al.,
1985), even though all o f  them excreted lytic enzym es (Elad et al., 1982). Barak and 
Chet (In Chet, 1990 b) found that production o f  both lectin  and 1,3-glucan, by the 
soilborne plant pathogenic fungus Sclerotium rolfsii is strongly affected by the chitin 
synthetase inhibitors polyoxin-D and nikkomycin. It appears, therefore, that this lectin is 
a glycoprotein (Barak et al 1985; Chet, 1987). The lectin may therefore play a role in  
recognition, which is apparently one o f the factors involved in specificity.
c) Attachment - After recognition the hyphae o f Trichoderma attaches to its host. When 
the mycoparasite reaches the host, its hyphae often  coil around it or attach to it  by 
forming hook-like structures (Harman et al., 1981). In the first case the attachment is 
carried out due to the formation o f hook-like structures by Trichoderma. T.hamatum 
produced appressoria at the tips o f  short branches (Harm an et al., 1 981). T his  
attachment is apparently the last step fo llow ed  by the activity o f  the lytic enzym es. 
E arlier in  1 9 7 1 (c ) , D en n is  and W ebster stu d ied  hyphal in tera c tio n s  b e tw een  
Trichoderma and many other test fiingi, where they observed similar coiling patterns as 
described above. They also observed that vacuolation, coagulation o f  cytoplasm  and 
sometimes bursting o f hyphae were induced by the antibiotic-producing strains.
d) Lytic enzym e activity - Trichoderma spp. are known for their ability to degrade 
fungal cell walls (Chet, 1987; Baker, 1987). This phenomenon is known to occur mainly
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due to the excretion o f  the extracellular enzym es p -l,3 -g lucanase (laminarinase) and 
chitinase (Elad etal., 1982).
(3-1,3-glucanases represent a wide group o f  enzymes acting on diverse p-linked glucans 
such as p-1,3 and p-l,4-glucans. These glucans are widely distributed and often occur as 
structural components o f  cell w alls or storage polysaccharides. The structure o f  the 
glucan backbone and the nature of substitution residues are highly variable (McCleary 
and Matheson, 1986). In plants, production o f p-l,3-glucanases (laminarinases) and p- 
1,4-glucanases (cellulases) have been reported under normal developmental conditions 
and under stress. Glucanases acting on p -(l,3 )(l,4 )-g lu can s have also been detected in 
germinating grains o f barely (Hatfield and Nevins, 1987). In many filamentous fungi, 
enzym es can either hydrolyse P-1,3 -glucans in an exo or in  an endo manner (Rapp, 
1989). The former release only D-glucose as the end product o f p-l,3-glucan  while the 
latter produce a mixture o f  laminaridextrins with glucose as a minor product. Since p- 
1,3-glucans occur in both fungi and higher plants, fungal p-l,3-glucanases are thought 
to be important in the intracellular mobilisation o f  food reserves and in the extracellular 
hydrolysis o f  plant remains. They are also thought to play a role in their own growth 
cycle, as their w alls are also made up o f  glucan and chitin (Chester and B ull, 1963; 
W ebster, 1980). These enzym es are com m on in  fungi, being detected in the culture 
filtrates o f 96% o f the organisms tested by Reese and Mandels (1959) in shake flasks 
and the enzyme is reported to be constitutive. Detection o f  p-l,3-glucanase activity is 
primarily determined by hydrolysis o f  laminarin (isolated from an alga, Laminaria 
digitata) u sin g  a red u cin g  sugar co lo r im etr ic  a ssa y  or rec en tly , a fter n a tiv e  
polyacrylamide gel electrophoresis (PAGE) and iso-electric focusing (IEF) (Pan et al., 
1989). Detection o f p-l,4-glucanases has been reported after IEF using carboxymethyl 
(CM) cellulose as substrate, stained with congo red or iodine (MacKenzie and W illiams,
1984), or p-aniside (Eriksson and Pettersson, 1973, as cited in MacKenzie and williams, 
1984). Detection o f cellulase has also been reported after sodium dodecyl sulfate (SDS)- 
PAGE with CM -cellulose as substrate in addition to mixed p -( l,3 )( l ,4 )  barely glucan  
stained with congo red (Schwarz, et al., 1987). More recently Cote et al. (1989) have 
developed a p -l,3 -g lu can ase assay in native PAGE in gels containing laminarin as 
substrate stained with aniline blue.
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Chitin a P-l,4-linked polymer o f  n-acetylglucosamine, is a major component o f  the cell 
wall o f many fungi (Austin etal., 1981; Peberdy, 1990). The enzym ic degradation o f  
chitin by m icro-organism s occurs in  two consecutive steps: first the hydrolysis by 
ch itin a se  to o lig o m ers , m ain ly  d im ers, fo llo w e d  by the degradation  to free  n- 
acetylglucosamine by chitobiose. The monosaccharide released can then be metabolised 
by micro-organisms (Jeuniaux, 1966). These enzymes are w idely distributed in nature 
and have been detected in  bacteria and fungi (Cabib, 1987). Fungal chitinases are 
involved in gross autolysis associated with the release of spores and stipe elongation in 
som e basidiom ycetes (Iten and Mantile, 1970) and autolysis o f  m ycelium  in cultures 
(Isaac and Gokhale, 1982). They may also have a nutritional role (de Vries and W essels, 
1973) and a m orphogenetic function in hyphal growth and differentiation o f  fungi 
(Bartnicki-Garcia, 1973; Burnett, 1979; W essels, 1984). In recent years several workers 
have suggested that chitinase plays a role in  the m ycoparasitism  by the biocontrol 
fungus Trichoderma against fungal pathogens which is discussed in  detail below . As 
with the laminarinases, chitinase activity has also been detected after PAGE.
After attachment and coiling of the antagonist around the phytopathogenic fungus, lysed  
sites and penetration holes were seen on the hyphae (Chet, 1990 b). In the presence o f  
cycloheximide, antagonism was prevented and enzymatic activity was diminished (Elad 
etal., 1983 b). Lynch (1987) and Ridout etal. (1988) supported these data by reporting 
that T.harzianum was able to penetrate hyphae o f Rhizoctonia solani. It was noted that 
lytic enzymes were also found to be active in soil.
Sivan and Chet (1986) found that in in vitro T.harzianum failed to parasitise colonies 
o f Fusarium oxysporum f. sp. vasinfectum and F.oxysporum f. sp. melonis. However 
th ese  fungi w ere stron g ly  m ycop arasitic  on Rhizoctonia solani and Pythium 
aphanidermatum. When grown in liquid cultures containing either laminarin or chitin 
or fungal cell walls as sole carbon sources, two tested strains o f  T.harzianum excreted 
p-l,3-glucanase and chitinase into the medium. Higher levels o f  these enzym es were 
induced by hyphal cell walls o f  F.oxysporum in the mycoparasitic strain T-203 relative 
to that o f  T-35. Incubation o f  the lytic enzym es produced by T-35, with hyphal cell
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walls o f the test fungi released more glucose and N-acetyl-D-glucosamine from cell wall 
o f R.solani and S.rolfsii than from those o f F.oxysporum. Treatments o f cell wall (with 
2N  NaOH, protease or trypsin) prior to their incubation w ith the ly tic  enzym es o f  
T.harzianum s ig n if ic a n tly  in crea sed  the r e lea se  o f  g lu c o se  and N -a c e ty l-D -  
glucosam ine. These results suggest that proteins in cell w alls o f  F.oxysporum may 
increase their resistance to degradation by extracellular enzym es from T.harzianum. 
The significant biological control o f  F.oxysporum obtained by this strain (Sivan, 1989) 
m ay h ow ever be due to other m echanism s such  as com p etition  and/or induced  
resistance.
All the work reported above has involved the study o f  mycoparasitism by Trichoderma 
a g a in s t  p la n t p a th o g e n ic  fu n g i. L it t le  w ork  h as b e e n  d o w n  to  d ate  on  th e  
m ycoparasitism  o f  w ood  decay fu n gi. H yphal in teraction  o f  T.harzianum and 
T.polysporum with wood decay fungi was studied by Murmanis et al. (1988 b). They 
studied the m ycoparasitism  o f  the above tw o fungi against w ood  decay fungi by  
observing: 1) hyphal interaction between these Trichoderma and wood decay fungi, 
using the SEM (Scanning electron microscopy); and 2) inhibition o f  decay fungi by 
filtrates o f these Trichoderma and water extracts from w ood permeated w ith these 
fungi. Water extracts from wood permeated with Trichoderma and culture filtrates did 
not inhibit the growth o f  the wood decay fungi on agar plates. Observations by SEM o f  
the interactions o f  Trichoderma and the decay fungi m ost often showed their hyphae 
longitud inally  attached to the hypahe o f  decay fungi. Hyphal co ilin g , hooks, and 
appressoria-like structures were also observed, but were infrequent. Spores o f  the 
Trichoderma were also found to be attached to the hyphae o f  decay fungi in  a similar 
fashion to that o f the parasitic hyphae. At the end o f parasitic activity, T.harzianum and 
T.polysporum had totally consumed the hosts cytoplasmic contents, leaving behind only 
the "exoskeletons" o f the hosts. The hyphae o f  decay fungi were void o f  cytoplasm ic 
contents whether or not Trichoderma were present in the immediate vicinity.
Though the m ycoparasitic effect o f  Trichoderma against w ood decay fungi can be 
studied as described above, a good indication o f  the potential o f  an antagonist that 
affects decay fungi by parasitism can be determined on the basis o f their production o f
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the two main lytic enzymes (3- 1,3-glucanase and chitinase, as these are the key enzymes 
in the lysis o f  fungal cell walls (Mitchell and Alexander, 1963; Chet and Henis, 1969; 
Henis and Chet, 1975). The cell walls o f wood decay fungi are composed o f glucan and 
chitin (Jones et al., 1972) and as m entioned earlier, it is  known that Trichoderma 
release lytic enzym es that can digest these components (Elad et al., 1983 a). These  
enzymes are reported to be constitutively produced by Trichoderma and by other fungi 
and yeasts that have glucan and chitin  as part o f  their ce ll w all for the purpose o f  
synthesis and autolysis during growth and also for the digestion o f other plant material 
(Reese and Mandels, 1959; Bull and Chester, 1966). As with many other enzymes (eg., 
Cellulases o f  Trichoderma) they can be induced and repressed by similar regulatory 
system s. W ork done by S ivan  and Chet (1 9 8 6 ) has sh ow n  that the en zym es are 
inducible in the presence o f cell wall material o f  plant pathogenic fungi and this might 
also be the case with wood decay fungal cell wall material.
One o f the main aims o f  this section  was therefore to study the inducibility o f  ly tic  
enzymes by wood decay fungal cell wall material and to relate this to the importance o f  
mycoparasitism in the antagonism o f  wood decay fungi by Trichoderma species.
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3 .3 .2  M aterials and M ethods
The 10 selected Trichoderma isolates were inoculated (two cores o f  mycelium  o f  0.6  
cm in diameter) into sterile liquid media (250 ml) o f each o f the two media types (MEB 
and LNM  broth) and incubated in the dark for 14 days at either 22 or 25 °C. Fungal 
m ycelium  was rem oved by filtration and filtrates were sterilised  by passing them  
through 0.45 pm sterile membrane filters (Whatman). The filtrates were then dialysed  
overnight (to remove excess sugars from the filtrates) in  a continuously flow ing cold  
water system at 10 to 12 °C using dialysis tubing o f pore size 2 .4 nm (M edicell Inter. 
Ltd.). Filtrates were then assayed for laminarinase and chitinase activity.
3.3.2.1 Laminarinase assay
Lam inarinase catalysed  depolym erisation o f  ce ll w all polym er, lam inarin (S igm a  
L9634), was assayed by measuring the increases in reducing groups (glucose) at 40  °C 
using N elson’s modification of the Som ogyi method (Nelson, 1944, as cited Green et 
al.y 1989 a). The assays were done in  special folin tubes (Baird and Tatlock, London,
U.K .). Two fo lin  tubes (X and Y) were used for each filtrate sample. One ml o f  a 10 
mg/ml concentration o f laminarin in 0.1 M  citrate buffer at pH 5.0 (0.1 M sodium citrate 
and 0.1 M citric acid mixed at a volume ratio o f  21:29 respectively) was added to each 
tube. One ml o f the dialysed test filtrate was added to tube X  which was incubated for 4  
hrs in a 40  °C water bath covered with foil.
After the tubes were incubated 1 ml o f  the dialysed test filtrate was added to tube Y  (Y  
was treated as a control). To both the tubes 2 ml o f  a copper reagent, consisting o f  4  
parts Cul reagent (16.1 g o f K N aC ^ H ^ g . 4 ^ 0 ,  24 g o f N a2 C0 3 , 16 g o f  NaHC0 3 , 
and 80.44 g o f  N a2 S 0 4  was added to 800 ml o f  water, boiled until d issolved and the 
volume corrected to its original measure after cooling) and 1 part o f  Cull reagent ( 4  g 
o f CUSO4 . 5 H2 O, and 36 g o f  Na2 SC>4 was added to 200 mis o f  water, boiled  until 
dissolved and the volume corrected to its original measure after cooling) was added to 
each tube. Cul and Cull were mixed together immediately before use. All the tubes were 
boiled for 10 min in  a water bath at 100 °C to elim inate any enzym ic activity and 
cooled. This was followed by addition o f 2 ml o f arsenomolybdate reagent
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(25g o f  ( N H ^ M o y C ^ . 4 H 2 O in 450  ml o f  H2 O + 21 ml o f  cone. H 2 SO 4  + 3g o f  
N a 2 H A s 0 4 . 7 H2 O d isso lved  in 25 ml o f  H2 O; the contents were m ixed  w ell and 
placed at 37 °C for 1-2 days before use) (all chemicals were obtained from BDH Mercks 
Ltd., Glasgow orFisons, Glasgow, Scotland, unless otherwise referenced).
The volume in the individual tubes were made up to 25 ml by addition o f distilled water. 
The samples were then mixed by vortexing and absorbance measured at 500 nm in a 
spectrophotom eter. The blank used  w as a sam ple o f  water that w ent through the 
procedure from the incubation stage onwards i.e ., had all the same reagents as the test 
samples. The final value o f absorbance was used to extrapolate a reading for the amount 
o f glucose released from the standard graph (see below) was the absorbance o f  X  minus 
Y. Laminarinase activity o f  each test sam ple was obtained from an average o f  four 
replicates. A calibration curve was obtained by using varying concentrations o f  glucose  
ranging from 25, 50, 75, 1 0 0 ,1 2 5 ,1 5 0 , 200, 250, 300, and 400 pg /  2 ml (Appendix 1) 
so that the amount o f  g lu cose released by enzym ic action o f  each filtrate cou ld  be 
extrapolated (the standards were assayed using the same procedures as the test samples).
3.3.2.2 Chitinase Assay
For each test sample four boiling tubes were set up each containing 1 ml o f  dialysed  
filtrate and 3.8 mg o f chitin (Sigma C3641) in 1 ml o f citrate/phosphate buffer at pH 5.0  
citrate/phosphate or M cllvaine buffer was prepared as follow s. (Solution A  - 0.1 M o f  
citric acid and Solution B - 0.2 M o f  disodium  phosphate m ixed on the basis o f  the 
follow ing formula, x ml A + (100-x) ml B where x = 49 ml). One tube from each set 
was then immediately boiled for 1 0  min to eliminate any enzyme activity (subsequently 
used as the control). All tubes were then incubated at 37 °C for 24 hrs.
After incubation the tubes were boiled at 100 °C for 10 min to stop enzyme activity. A  
0.5 ml o f the test sample, control or blank (the blank consisted o f an equivalent volume 
o f water going through the assay procedure) was added to 0.1 ml o f  0.8 M potassium  
tetraborate, all the tubes were then heated in  boiling water for 3 min and then cooled  
under tap water. Three ml o f DMAB reagent was added and mixed in the tubes prior to 
incubation at 36 - 38 °C for 20 min (lOg o f  DM AB or p-Dimethylaminobenzaldehyde
i l l
(Sigma D 8904) dissolved in a solution mixture o f  12.5 ml o f 10 N  HC1 and 87.5 ml o f  
Glacial acetic acid (Analar grade) and stored at 2 °C; the concentrated DM AB was 
diluted 1/10 in glacial acetic acid before use as a reagent. The samples were then cooled, 
vortexed to mix and absorbance read im m ediately at a w avelength 544 nm against a 
water blank treated by the same procedure. The average absorbance o f the control tubes 
was subtracted from the average absorbance value o f  the test sample assays done in 
triplicate. A calibration curve was obtained by using varying concentrations o f  n- 
acetylglucosam ine (Sigm a A 8625) ranging from 0, 1.6, 1.9, 3.1, 3.9, 6.25, 7.8, 12.5, 
15.6, 25, 3 1 .2 ,4 0 , 50, 62.5, 70, 80, 90, 100, 110, 120 and 125 pig /  half ml obtained by 
serial dilutions o f  1/2 or 1/10 (Appendix 1). H alf ml quantities were used so that the 
amount o f  n-acetylglucosamine released by the enzym ic activity o f chitinase could be 
directly extrapolated from the standard graph (standards were processed using the same 
assay procedures as the test samples).
3.3.2.3 Induction o f Laminarinase and Chitinase by Fungal 
Cell Walls
Induction o f  the two lytic  enzym es laminarinase and chitinase in  the Trichoderma 
isolates (the ten chosen isolates) were assayed by growing them in  the low  nutrient 
medium (LNM ) autoclaved at 121 °C for 15 min, with addition o f  known amounts o f  
cell wall preparations o f  seven different basidiom ycetes. The treatment combinations 
used are listed as follow s - 1 )  LNM; 2) LNM  + cell wall material; 3) LNM  - glucose + 
cell wall material. These filtrates were assayed using microassay systems as described in 
section 3.3.2.4.
3.3.2.3 (a) Basidiomycete cell wall preparation
The basidiom ycetes (N.lepideus FPRL 7F, T.versicolor M AD 697, G.trabeum M AD  
617, P.Placenta MAD 698, A.carbonica HHB 5104, P.brevispora HHB 7030, IJacteus 
HHB 7328) were grown in 4  litre volumes o f sterile 3% (w/v) malt extract (Oxoid L39) 
broth at 25 °C on a shaker at a speed o f 100 revolutions/m in for a period o f  14 days. 
A fter the period o f  incubation  the m yceliu m  was rem oved by filterin g  through  
Whatmann N o .l filter paper in a Buchner funnel. The m ycelia were then frozen at - 20  
°C. The methods that follow were adapted from Perez-Leblic et al., 1982 for preparation
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o f  cell wall material. The m ycelia were ground with a pestle and mortar then treated in 
an ultrasonic disintegrator (Braun-sonic 1510) for 3 m in at 150 W att. The ground  
m ycelial pastes were then washed three times each by repeated centrifugation at 5000 - 
6000  rpm first w ith 0.1 M NaCl and 0.5 M acetate buffer at pH 5.5  (0.5 M  sodium  
acetate (anhydrous) and 0.5 M acetic acid mixed at a volume ratio o f  6.2:1 respectively) 
fo llow ed  by three washes with deionised distilled water. The cell wall materials were 
then lyophilised overnight and ground into a powder with a mortar and pestle.
3.3.2.3 (b) Culture o f Trichoderma isolates on cell wall material
B ased on work by Sivan and Chet (1989), O .lg o f  cell w all material o f  each o f  the 
basidiom ycetes were added to 50 ml volum es o f  liquid culture media (either LNM  or 
LNM  - glucose). The liquid media were then autoclaved at 121 °C for 15 min cooled  
and inoculated separately (a 0 .6  cm diameter core o f mycelium from the growing colony 
margin) with each o f the appropriate 10 selected Trichoderma isolates. An additional 
set o f  flasks o f  LNM  w ithout cell w alls were also set up and in ocu lated  w ith the 
Trichoderma isolates. All possible combinations o f Trichoderma isolates were thereby 
grown in each o f  the media with each o f the seven basidiom ycete cell wall materials. 
The inoculated liquid media were then incubated at 22 or 25 °C at 70 % humidity in the 
dark for a period o f  14 days. After incubation the m ycelium  and residue cell wall 
material were removed by filtering through a 0.45 pm follow ed  by a 0.22 pm sterile 
membrane filter (Whatman). The filtrates were stored at 4 °C for five days during which 
the laminarinase and chitinase assay were carried out.
Microassay for laminarinase and chitinase
The reagents used in both the enzyme assays were the same as described in  sections
3.3.2.1 and 3.3.2.2. However a few differences in the assay procedure were as described 
below.
3.3.2.4 Laminarinase Microassay
The laminarinase microassay was conducted as described in the paper by Green et al., 
1989 a. The microassay for reducing sugars was a modification o f the Nelson-Som ogyi 
assay (N elson , 1944; S om ogyi, 1952). In a 9 6 -w e ll m icrotitre plate (D ynatech ,
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Chantilly, U .S.A.) 25 pi o f  test sample and 25 (xl o f  10 mg/ml (or 1% w /v) o f  laminarin 
solubilised in 0.1 M citrate buffer at pH 5.0, were placed in each w ell. The plate was 
then covered with an acetate adhesive sheet and incubated at 40  °C for 24 hours. After 
incubation 75 pi o f  copper reagent as used before in the macroassay (section 3.3.2.1) 
w as added, and the w ells were resealed w ith the acetate sheet. The plate was then 
incubated at 80 °C for 30 min in a water bath. After the plate had cooled completely (15 
min), 75 pi o f arsenomolybdate (as used in the macroassay section 3.3.2.1) was added, 
and mixed on a vortex. Absorbance was measured at 500 nm with a Dynatech M R500 
plate reader. A standard curve was prepared using glucose at concentrations ranging 
from 0, 250, 500 and 1000 pg/ml. The blank for reading both the standards and the test 
samples was a well containing all the reagents but with water replacing the filtrate.
3.3.2.5 Chitinase Microassay
The procedures for the laminarinase m icroassay were m odified to suit the assay for 
chitinase, however all the reagents were the same as used in the macroassay. A ll the 
procedures up to and including incubation o f test sample with chitin substrate overnight 
(approx 24 hours) at 37 °C were the same as described in  section 3 .3 .2 .2 . After the 
incubation period tubes were boiled at 100 °C for 10 min to stop the enzym ic reactions 
then 25 pi samples o f the test sample, control, blank or standard were transferred into 
w ells o f  a 96-w ell microtitre plate. To each 5 pi o f  0.8 M potassium  tetraborate was 
added. The plate was then covered with an acetate adhesive sheet and mixed on a vortex 
and then heated over steam for 3 min. After sufficiently cooling the plate 150 pi o f  
DM AB (section 3.3.2.1) was added to the plates, resealed with the acetate sheet and 
then incubated at 36 - 38 °C for 20 min. The sam ples w ere then coo led  and their 
absorbance at 544 nm measured on the Dynatech MR500 plate reader. A standard curve 
was prepared using n-acetylglucosam ine at concentrations ranging from 0, 7 .8 , 15.6, 
31.25, 62.5, 125, 250 and 500 pg /  half ml.
3.3.2.6 Microassays for detection o f  B-D-glucosaminidase and B-D-galactosaminidase 
The two assays were adapted as a m icroassay from  the original assay procedures 
reported in Highley, 1976. The substrates for the two enzymes were p-nitrophenyl-N- 
acetyl p-D-glucosaminide and p-nitrophenyl-N-acetyl p-D-galactosaminide (Sigma) for
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the enzymes gluosaminidase and galactosaminidase respectively. Hundred |il o f  0.05 % 
p-nitrophenyl substrate in  0.1 M acetate buffer (0.1 M o f  sodium acetate and 0.1 M 
acetic acid mixed in a volume ratio o f 70:30 respectively) at pH 5.0 were mixed with 50  
pi o f  culture filtrates and incubated at 40 °C for 1 hr. The reactions were terminated by 
the addition o f  50 pi o f  0 .2 M NaCC^. The resulting yellow  colour was im m ediately  
measured for absorbance at 425 nm on the Dynatech M R500 plate reader. A  unit o f  
en zym e activ ity  was defined  as the am ount required to liberate 0 .001  pM  o f  p- 
nitrophenol/hr. The standard curve was derived using p-nitrophenol o f  concentrations 
over the following range 0, 0 .002,0 .003, 0.004, 0.005, 0.01, and 0.015 pM  /  150 pi. The 
blank against which the test samples and standards were read was a mixture o f  substrate 
without the culture filtrate and buffer.
3.3.3 Results
3.3.3.1 Production o f B-1,3 glucanase (laminarinase)
Table 3.3.3.1 (a) shows the levels o f  laminarinase produced by all the Trichoderma 
isolates. This enzyme (total activity) was produced in higher concentrations in the high 
nutrient malt medium, rather than in the low  nutrient medium. There were however a 
few exceptions, B13 and B 15, T.pseudokoningii spp. that were found to exhibit greater 
enzym e production in  the low  nutrient medium. These organisms may be o f  greater 
interest due to their ability to produce higher enzym e lev e ls  in  a medium  closer in  
nutritional co n sisten cy  to w ood . The Trichoderma iso la te s  sh ow  in tersp ec ies  
variability, in the leve ls  o f  lam inarinase produced when considered as individual 
isolates eg., T.viride B5 produced 310 units o f  enzym e in  the malt medium  whereas 
T.pseudokoningii B 13 produced only 60 units in the same medium. Similar interspecies 
variability was found in the low  nutrient m edium. Interstrain variability was also  
obvious, with T.viride R2 producing only 70 units o f  enzym e, w hich is  le ss  than a 
quarter o f the amount produced by T.viride B5 (310 units) under the same conditions. 
This interstrain variability is also evident with the amount o f enzym e produced in the 
lo w  nutrient m edium , h ow ever the variab ility  w ith in  the in d iv id u a l iso la te s  is  
comparatively less than that in the malt medium.
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W hile total enzym ic activity g ives an indication  o f  the lev e l o f  enzym e produced, 
specific activity gives an indication o f  the level o f enzym e produced relative to other 
proteins in  the filtrate. Specific activity o f  laminarinase in the filtrates showed that, 
though the concentration o f total protein produced in  the malt medium is higher than 
that in the low  nutrient medium, the relative proportion o f laminarinase produced (i.e., 
specific activity) is greater in the low  nutrient medium.
Mean values o f  the level o f  laminarinase total activity produced by all Trichoderma 
isolates in  the malt and low  nutrient medium was 178.63 and 120.82 units respectively  
(table 3 .3 .3 .1  (b)). A nalysis o f  variance (table 3 .3 .3 .1  (c)) o f  the lam inarinase total 
activity to examine the effect o f  media gave a significant value (p<0.015) indicating that 
lam inarinase production is  statistically different in  the two m edia types. The mean 
laminarinase activity results (table 3 .3 .3 .1  (b)) do not seem  to indicate any obvious 
interspecies differences and is supported by the analysis o f  variance (table 3.3.3.1 (c)) 
testing where the effect o f Trichoderma species gave an insignificant value (p=0.249) 
indicating that laminarinase production is not dependent on the Trichoderma species. It 
is evident that species subgroup 3 (T.harzianum ) show the h ighest overall lev e l o f  
laminarinase production in the malt medium, however this is  replaced by subgroup 4  
(T.pseudokoningii) with highest enzym e level in  the low  nutrient media. This latter 
species are probably o f more importance due to their higher enzym e production in the 
low  nutrient medium. Though interspecies variability is shown not to be important in 
both media, the individual mean values o f  laminarinase activity in the LNM  indicate 
greater interspecies variability than in the MEA. But it appears from standard deviations 
o f  the means in both m edia that the subgroups show  som e interstrain variability . 
Interstrain variability seems to be highest in species subgroup 2 (T.viride) in the MEA  
and in subgroup 4  (T.pseudokoningii) in  the LNM.
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Trichoderm a Isolates M alt m edia Low N utrient m edia
Total Specific Total Specific
activity activity activity activity
(units) (units) (units) (units)
B l-  T.aureoviride 151.25 2.61 75.62 30.24
B5- T.viride 310.83 5.33 57.58 25.03
R2- T.viride 70.77 1.16 72.5 21.32
R7- T.viride 206.76 0.38 47.52 37.41
RIO- T.viride 173.45 3.46 90.89 72.71
B 11- T.harzianum 255.32 4.44 238.67 136.38
B13- T.oseudokoninHii 50.99 0.90 198.43 79.37
B14- T.pseudokoningii 190.1 3.30 151.25 1 2 1
B 15- T.pseudokoningii 165.13 3.07 238.67 95.46
B16- Trichoderma 
unidentified
241.45 4.24 155.41 88.80
Table 3.3.3.1 (a) - Levels o f  production o f laminarinase by Trichoderma iso lates (Total
activity represented as 1 unit = 1 p,mole g lucose released/m l o f  filtrate/hour. S pecific
activity represented as 1 unit = 1 |imole glucose released/hour/ug protein in filtrate).
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M edia type
Trichoderm a species subgroups
1 2 3 4 5 All
M alt agar 150.5
(16.68)
191.2
( 1 2 1 .8 )
256.7
(47.0)
123.4
(76.7)
243.5
(10.7)
178.63
(96.72)
Low nutr. m edia 75.2
(25.0)
67.1
(2 2 .6 )
120.7
(39.2)
196.1
(49.6)
155.4
(5.89)
120.82
(65.58)
Table 3 .3 .3 .1  (b) - M ean total activ ity  o f  lam inarinase in  both m edia types by the 
Trichoderma species subgroups. 1 - T.aureoviride ; 2  - T.viride ; 3 - T.harzianum; 4  - 
T.pseudokoningii; 5 - unidentified Trichoderma. Each value in the table is the mean for 
all replicates o f  all Trichoderma isolates o f  the species group tested. Standard deviations 
are in parentheses.
Factors F ratio Degree o f freedom P
Medium (M) 6.69 1 ,3 0 p<0.015
Species subgp. (S) 1.43 4, 30 p=0.249
M x S 3.70 4, 30 p<0.015
Table 3.3.3.1 (c) - Analysis o f  variance o f  total laminarinase activitv in the M EA and 
LNM (macroassay).
3.3.3.2 Production o f  chitinase enzyme
Table 3.3.3.2 (a) shows the levels o f  chitinase produced by the various Trichoderma 
isolates. Total chitinase activity is greater in  the malt medium compared with the low  
nutrient medium with all isolates. Both interspecies and interstrain variability within the 
Trichoderma isolates was evident eg., T.harzianum B l l  produced 41 units o f  chitinase 
in  the m alt m edium  w hereas T.viride RIO produced only 0 .0 7  units in  the sam e  
medium; T.viride R2 however produced 25 units o f  chitinase. Similar to laminarinase 
the specific activity o f  chitinase is higher in the low  nutrient medium, signifying that 
chitinase makes up a higher proportion o f  the total protein produced in the low  nutrient
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medium. There appears to be no direct relationship between chitinase and laminarinase 
production, however the overall lev e l o f  chitinase produced in both m edia types is  
always much lower than that o f laminarinase.
Mean values o f the level o f  chitinase total activity produced by all Trichoderma isolates 
in the malt medium and the low  nutrient medium was 8.65 and 1.03 respectively (table
3.3.3.2 (b)). This difference in enzyme production indicating the importance o f  media is 
supported by the analysis o f  variance testing. Table 3.3.3.2 (c) shows that the chitinase 
production is dependent on both the media type and the species subgroups, as indicated 
by their probability values (M, S and M x S = <0.001). Table 3.3.3.2 (b) shows the mean 
chitinase total activity by the Trichoderma species subgroups in the two m edia types, 
and species subgroup 3 (T.harzianum) shows the highest level o f chitinase production 
in  both the media types. It was noted that the same subgroup also produced the highest 
o v e r a l l  l e v e l  o f  la m in a r in a s e  in  th e  m a lt  m ed iu m . S p e c ie s  su b g r o u p  4  
(T.pseudokoningii) that showed highest levels  o f  laminarinase in the LNM  however  
does not produce equally high levels o f chitinase in  the same media. So there does not 
seem  to be a correlation in  the levels o f  chitinase and laminarinase production in the 
LNM  which is o f  more interest due to it sim ilarity in nutrient consistency to w ood. 
Mean values o f the total amount o f  chitinase produced by all species in  the two media 
types (table 3.3.3.2 (b)) indicate that there is high interspecies variability, also proven by 
the analysis o f  variance testing. Individual standard deviations o f the mean values o f  
chitinase production for the species groups show that there is also interstrain variability 
within the species subgroups (with subgroup 2  (T.viride) showing the highest amount o f  
interstrain variability).
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Trichoderm a Isolates M alt m edia Low  nutrient m edia
Total
activity
(units)
Specific
activity
(units)
Total
activity
(units)
Specific
activity
(units)
B l-  T.aureoviride 1.27 0 .0 2 0 0
B5- T.viride 2.82 2.35 1 .0 2
R2- T.viride 25.2 0.41 0.56 0.16
R7- T.viride 0.94 0.017 0.28 0 .2 2
RIO- T.viride 0.07 0.001 0 0
B13- T.pseudokoningii 1.99 0.03 0 .2 2 0.09
B14- T.pseudokoningii 0.47 0.008 0.09 0.072
B15- T.pseudokoningii 1.03 0.019 1.03 0.41
B l l -  T.harzianum 41.4 0.72 3.95 2.26
B16- Trichoderma 
unidentified
0.94 0.16 1.50 0 .8 6
Table 3.3.3.2 (a) - Levels o f production o f  chitinase by Trichoderma isolates (Total activity 
represented as 1 u n it=  1 pm ole n-acetylglucosam ine released/m l o f  filtrate/hour. Specific  
activity represented as 1 unit = 1 p inole n-acetylglucosam ine released/hour/ug protein in 
filtrate).
M edia type
Trichoderm a species subgroups
1 2 3 4 5 All
M alt agar 1.08 1 0 .1 1 40.5 1.17 0.94 8.65
(0.60) ( 1 0 .2 ) (2.93) (0.71) (0.53) (13.3)
Low nutr. m edia 0 0.70 4.33 0.54 1.5 1.03
(0 ) (0.97) (0.53) (0.52) (0.13) (1.35)
Table 3 .3.3.2 (b) - Mean total activity o f  chitinase in both media types by the Trichoderma 
species subgroups. 1 - T.aureoviride ; 2 - T.viride ; 3 - T.harzianum', 4  - T.pseudokoningii; 5 
- unidentified  Trichoderma. Each value in the table is  the mean for all rep licates o f  all 
Trichoderma isolates o f the species group tested. Standard deviations are in parentheses.
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Factors F ratio D egree o f  freedom P
Medium (M) 24.25 1 ,3 0 p<0 .0 0 1
Species subgp. (S) 15.51 4, 30 p<0 .0 0 1
M x S 1 0 .8 4, 30 pcO.OOl
Table 3 .3 .3 .2  (c) - Analysis o f  variance o f  total chitinase activity in M EA and LNM  
(macroassay).
Production o f laminarinase and chitinase (microassay)
3.3.3.3 Laminarinase and Chitinase activity in LNM  (containing glucose)
Table 3.3.3.3 (a) gives the total activity o f laminarinase and chitinase produced by the 
Trichoderma species in the low  nutrient media, by the m icroassay. Comparisons o f  
mean values o f  total laminarinase and chitinase activity in the Trichoderma species  
subgroups as assayed by both the macro and micro assay (Table 3.3.3.1 (b), 3.3.3.2 (b) 
and 3 .3 .3 .3  (b)) in the low  nutrient m edia show ed that, subgroup 3 (T.harzianum) 
show s the h ighest level o f  laminarinase production by both assays. H ow ever, there 
seem s to be more variability in the lev e ls  o f  chitinase produced by the tw o assay  
procedures. From the individual total enzyme activity of isolates and that o f  the species 
subgroups it is ev id en t that, in tersp ec ies  variab ility  ex ist  in  the production  o f  
laminarinase more than that o f  chitinase. This is supported by the analysis o f  variance 
test to exam ine the effect o f  species on the production o f  (Table 3.3.3.3 (c)) enzym es 
w hich  show s a s ign ifican t value (p < 0 .0 0 1 ) on ly  w ith lam inarinase and not very  
sig n ifica n t w ith  ch itinase (p = 0 .0 3 8 ). Indicating that lam inarinase production  is  
statistically  different w ithin the species but this is  how ever not very ev ident w ith  
chitinase. This could be due to the poorer reproducibility betw een replicates in the 
chitinase assays.
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Trichoderm a species Lam inarinase  
(total activity)
Chitinase  
(total activity)
B l-  T.aureoviride 49.02 3.95
B5- T.viride 56.89 1.50
R2- T.viride 64.87 1.60
R7- T.viride 104.19 1.03
RIO- T.viride 132.2 5.83
B 11- T.harzianum 177.68 2.91
B13- T.oseudokoningii 195.06 6.78
B 14- T.pseudokoningii 138.76 0.47
B15- T.oseudokoningii 137.98 1.92
B 16- Trichoderma 
unidentified
136.62 3.95
Table 3.3.3.3 (a) - Levels o f  production o f  laminarinase and chitinase bv Trichoderma 
isolates in the microassay in  the low nutrient media (Total activity represented as 1 unit 
= 1 jimole o f glucose or n-acetylglucosamine released/ml o f  filtrate/hour).
M edia type
Trichoderm a species subgroups
1 2 3 4 5
Low nutr. media 49.02 89.52 177.68 157.27 136.62
(Laminarinase) (0 ) (30.74) (0 ) (27.0) (0 )
Low nutr. media 3.95 2.49 2.91 3.05 3.95
(Chitinase) (0 ) (1.95) (0 ) (2.73) (0 )
Table 3.3.3.3 (b) - Mean total activity o f  laminarinase and chitinase in the low  nutrient 
m edia (microassay) by the Trichoderma species subgroups. 1 - T.aureoviride ; 2 - 
T.viride ; 3 - T.harzianum; 4 - T.pseudokoningii; 5 - unidentified Trichoderma. Each 
value in the table is the mean for all replicates o f  all Trichoderma iso la tes tested. 
Standard deviations are in parentheses.
122
Enzym es Factors F  ratio Degree o f freedom P
Laminarinase Species subgps. 95.21 4, 135 pcO.OOl
Chitinase Species subgps. 2.62 4, 135 p=0.038
Table 3.3.3.3 (c) - Analysis o f  variance o f  total laminarinase and chitinase activity in the 
low  nutrient media.
3 .3 .3 .4  L am inarinase and C h itin ase  a c tiv ity  in  L N M  (co n ta in in g  g lu c o se )  + 
basidiomycete cell wall
Table 3.3.3.4 (ai) and (aii) shows the total enzyme activity o f  laminarinase and chitinase 
r e sp e c t iv e ly  in  the L N M  co n ta in in g  sev e n  d ifferen t b a s id io m y c e te  c e l l  w all 
preparations.
From the study o f  the mean laminarinase activity o f  species subgroups with the seven  
basidiomycete cell walls (Table 3.3.3.4 (bi)) it was clear that there exists an enormous 
variation in the enzyme production within or between species, and these variations are 
also observed with presence o f the different basidiomycete cell wall material. It was also 
evident from Table 3 .3 .3 .4  (bii) that subgroup 1 (T.aureoviride) showed the highest 
lev e l o f  laminarinase enzym e production although individual strains other species  
subgroups exhibited equally high enzym e production. M ean values o f  laminarinase 
activity (Table 3 .3 .3 .4  (biii) in  the presence o f  each o f the seven basidiom ycete cell 
walls show clearly that laminarinase production was very much dependent on the type 
o f basidiomycete cell wall added in the medium. Mean laminarinase production by all 
the isolates was found to be considerably higher in  LNM w ith cell w all material o f  
brown rot fungi (27.3 total activity units) than white rot fungi (17 total activity units). 
So there is a certain degree o f  target specificity  in the amount o f  enzym e produced. 
Lam inarinase enzym e production seem s to be h igh est in  LNM  w ith  c e ll  w all o f  
N.lepideus among the brown rot fungi and with cell wall o f  T.versicolor among the 
white rot fungi. However, levels o f enzyme produced with other basidiomycete cell wall 
material were also high. A nalysis o f  variance undertaken to exam ine the effect o f  
species and basidiomycete cell wall type (Table 3.3.3.4 (c)) showed that the cell wall 
type was more significant (p<0 .0 0 2 ) in determining the level o f  enzyme production.
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Trichoderm a
species
Laminarinase Total Activity
Basidiomycete cell walls
Brown rot fungi W hite rot fungi
1 2 3 4 5 6 7
B1 41.1 48.5 21.5 34.6 28.8 16.9 0
B5 27.5 29.4 8 .0 25.4 12.4 13.4 7.7
R2 39.3 1.5 6 46.8 2 .8 12.3 40.3
R7 34.8 19 17.7 0 38.7 43.4 18.3
RIO 45.6 33.9 8.9 62.5 14.6 13.9 43.2
B l l 54.6 25.9 23.5 27.6 23.8 6.3 0
B13 14.7 27.6 24.9 30.5 16.6 8 .2 18.9
B14 41.8 6.9 16.2 18.3 0 16.1 0
B15 37.8 29.2 1 2 .6 28.9 39.8 10.5 0
B16 24 27.2 17.4 9.8 12.4 1 0 .2 38.3
Table 3.3.3.4 (ai) - Levels o f production o f laminarinase by Trichoderma isolates in the low  nutrient media containing basidiomycete 
cell wall; 1 - N.lepideus, 2  - G.trabeum, 3 - P.placenta, 4  - A.carbonica, 5 - T.versicolor, 6  - P.brevispora, 7 - I.lacteus. The 
Trichoderma species, B1 - T.aureoviride', B5, R2, R7 and RIO - T.viride; B l l  - T.harzianum\ B13, B14 and B15 - T.pseudokoningii; 
B16 - unidentified Trichoderma. The cell wall o f  basidiom ycetes 1 to 4 belong to brown rot fungi and 5 to 7 are white rot fungi. 
Amount o f enzyme produced is represented as total activity, 1 unit o f  which is = 1 jimole o f glucose released/ml o f filtrate/hour.
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Trichoderm a
species
Chitinase Total Activity
Basidiomycete cell walls
Brown rot fungi W hite rot fungi
1 2 3 4 5 6 7
B1 0.84 10.9 38.0 3.01 0.09 4.70 3.67
B5 0.84 1 .8 8 1 .6 3.20 1.60 10.64 3.01
R2 1.41 1.41 0.37 1.60 3.95 13.18 0.84
R7 2.54 1 2 .8 11.3 2.54 1.13 2.26 0.094
RIO 0.37 4.7 1 .6 8.94 0.094 1.41 0.094
B l l 1 .6 1 2 .8 7.53 5.55 0.37 2.26 1 .6
B13 0.09 7.72 0.75 8.47 0.094 1.13 12.99
B14 1.13 4.7 2 2 .2 5.36 0.65 2.26 2.07
B15 0.65 1.13 2.26 12.05 1.13 19.21 2.26
B16 0.09 1 2 .8 12.43 3.67 1.13 1.41 0.84
Table 3.3.3.4 (aii) - Levels of production of chitinase by Trichoderma isolates in the low nutrient media containing basidiomycete cell 
wall; 1 - N.lepideus, 2 - G.trabeum, 3 - P.placenta, 4 - A.carbonica, 5 - T.versicolor, 6 - P.brevispora, 1 - Llacteus. The Trichoderma 
species, B1 - T.aureoviride; B5, R2, R7 and RIO - T.viride\ B ll - T.harzianum\ B13, B14 and B15 - T.pseudokoningii’, B16 - 
unidentified Trichoderma. The cell wall of basidiomycetes 1 to 4 belong to brown rot fungi and 5 to 7 are white rot fungi. Amount of 
enzyme produced is represented as total activity, 1 unit of which is = 1 fimole of n-acetylglucosamine released/ml of filtrate/hour.
f
The reason that the species effect was not very statistically significant is due to the 
variability in the level o f enzyme produced by different strains o f  any one species. In a 
few  cases the amount o f enzyme produced was nil, this could be a catabolite repression 
effect seen due to the presence o f  glucose along with the cell wall material in the LNM, 
depressing the level o f laminarinase production. It was also interesting to note that the 
amount o f  laminarinase produced in  LNM  without cell w all material shows higher 
le v e ls  than in  L N M + cell w all m aterial. This general reduction  in  the am ount o f  
laminarinase production could also be due to the catabolite repression effect due to 
excess available glucose.
Decay type
Trichoderm a species subgroups
1 2 3 4 5
1 41.2 36.3 54.1 30.93 23.5
(0 .2 ) (7.07) (0 .6 ) (13.09) (0.75)
2 48 20.57 25.4 20.73 26.7
(0.33) (13.1) (0.73) ( 1 1 .1) (0.70)
3 2 1 9.65 23 17.4 16.9
(0 .2 ) (4.82) (0.65) (5.6) (0 .6 8 )
4 34.1 33.3 27.1 25.4 9.3
(0.25) (24.9) (0.63) (5.95) (0.65)
5 28.3 16.6 23.3 41.8 11.9
(0.23) (14.14) (0.7) (58.4) (0.73)
6 16.4 2 0 .2 5.8 1 1 .1 9.7
(0 .2 ) (14.0) (0.73) (3.6) (0.64)
7 0 26.8 0 6 .1 37.8
(0 ) (15.9) (0 ) (9.5) (0.76)
Table 3.3.3.4 (bi) - Mean total activity o f  laminarinase in the five Trichoderma species 
subgroups in the low  nutrient media containing seven different basidiomycete cell wall 
material. Each value in the table is  the mean for all replicates o f  all Trichoderma 
isolates tested. Standard deviations are in  parentheses. Basidiom ycete cell walls: 1 - 
NJepideus, 2 - G.trabeum, 3 - P.placenta, 4 - A.carbonica, 5 - T.versicolor, 6  - 
P.brevispora, 1 - I.lacteus. Trichoderma species: 1 - T.aureoviride', 2 - T.viride; 3 - 
T.harzianum\ 4 - T.pseudokoningii’, 5 - unidentified Trichoderma.
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Trichoderm a species subgroups
(As per table 3.3.3.4 (bi))
1 2 3 4 5
27.0 23.3 2 2 .6 21.9 19.4
(15.5) (16.4) (16.7) (24.5) ( 1 0 .1 )
Table 3.3.3.4 (bii) - Mean total activity o f laminarinase in the five Trichoderma species 
subgroups in the low  nutrient m edia+glucose and basidiom ycete cell w all material 
(irrespective o f the type o f cell wall material). Each value in the table is  the mean for all
replicates o f Trichoderma
Basidiom ycete cell wall type
1 2 3 4 5 6 7
37.2 28.28 17.59 25.84 24.3 12.65 14.16
Table 3 .3 .3 .4  (b iii) - M ean total activity o f  lam inarinase in  the low  nutrient m edia 
containing basidiomycete cell wall material, irrespective o f  the Trichoderma species 
subgroups. Each value in the table is the mean o f  laminarinase total activity by all the 
Trichoderma isolates against each type o f  basidiomycete cell wall material. 1 to 4  are
brown rot fungal cell wall material and 5 to 7 is that o f  white rot fungi.
Factors F ratio Degree of freedom P
Species subgps.(S) 0.40 4 ,1 0 5 p=0.808
Decay cell wall(D) 3.69 6 ,1 0 5 p<0 .0 0 2
D X S 1.49 2 4 ,105 p=0.088
Table 3.3.3.4 (c) - Analysis o f  variance o f total laminarinase activity in the low  nutrient 
media+glucose and basidiomycete cell wall material (medium 2 ).
In the case o f production o f  the chitinase enzyme, again there was very high variability 
in the amount o f enzyme produced (Table 3.3.3 .4 (di)). Mean values o f  chitinase activity 
w ithin each species subgroups irrespective o f the type o f  basid iom ycete cell wall 
material (table 3.3.3.4 (dii) shows that subgroup 1 (T.aureoviride) produces the highest 
amount o f chitinase.
127
D ecay type
Trichoderm a species subgroups
1 2 3 4 5
1 0.79 1.15 1 .6 0.62 0.09
(0.71) (0.72) (0 ) (0.46) (0 )
2 10.4 4.94 12.3 4.18 12.3
(0.7) (4.69) (0.7) (2.76) (0.7)
3 37.5 3.59 7.03 8.23 11.9
(0.7) (4.48) (0.7) (10.45) (0.7)
4 3.01 3.69 5.05 8.06 3.1
(0 ) (2.99) (0.7) (3.04) (0.7)
5 0.09 1.56 0.37 0.62 1.13
(0 ) (1.32) (0 ) (0.46) (0 )
6 4.2 6.46 1.76 7.17 1.41
(0.7) (5.32) (0.7) (8.94) (0 )
7 3.17 0.882 1 .6 5.41 0.84
(0.7) (1.08) (0 ) (5.43) (0 )
Table 3.3.3.4 (di) - Mean total activity o f  chitinase in  the five Trichoderma species  
subgroups in the low  nutrient media containing seven different basidiomycete cell wall 
material. Each value in the table is the mean for all replicates o f  all Trichoderma 
isolates tested. Standard deviations are in parentheses. Basidiom ycete cell w alls, 1 - 
N.lepideus, 2 - G.trabeum, 3 - P.placenta, 4 - A.carbonica, 5 - T.versicolor, 6 - 
P.brevispora, 1 - I.lacteus. The Trichoderma species, 1 - T.aureoviride; 2 - T.viride', 3 - 
T.harzianum\ 4 - T.pseudokoningiv, 5 - unidentified Trichoderma.
Mean values o f chitinase activity (table 3.3.3.4 (diii) in the presence o f each o f the seven  
basidiomycete cell walls showed that chitinase production is dependent on the type o f  
cell wall present in medium. Mean chitinase production by all the isolates was found to 
be higher overall in the presence o f  brown rot fungal cell wall (6.97 total activity units) 
than with white rot fungal cell wall (2.4 total activity units). So as with laminarinase 
again there is a certain degree of target specificity in the amount o f enzyme produced. 
And chitinase levels seem to be highest in the presence of the brown rot fungal cell wall 
o f P.placenta and cell wall o f  P.brevispora among the white rot fungi. A nalysis o f
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variance undertaken to examine the effect o f  species and basidiom ycete cell wall type 
(table 3.3.3.4 (e)) showed that both the factors play a significant role in determining the 
lev e l o f  enzym e produced. It is  o f  som e interest that the overall leve ls  o f  chitinase  
p rod u ced  in  L N M  co n ta in in g  c e l l  w a lls  is  h ig h er  than in  L N M  a lo n e  u n lik e  
laminarinase, and indicates enzyme induction in the presence o f  the basidiomycete cell 
wall material.
Trichoderma species subgroups
(As per table 3.3.3.4 (di))
1 2 3 4 5
8.45 3.18 4.24 4.90 4.39
(12.7) (3.7) (4.1) (6 .1 ) (5.1)
Table 3 .3 .3 .4  (dii) - M ean total activity o f  chitinase in  the five Trichoderma species 
subgroups in  the low  nutrient m edia containing basid iom ycete ce ll wall m aterials 
(irrespective o f  the type o f cell wall material). Each value in the table is the mean for all 
replicates o f Trichoderma
Basidiomycete cell wall type
(As per table 3.3.3.4 (di))
1 2 3 4 5 6 7
0.85 8.82 13.65 4.58 0.75 4.20 2.38
T able 3 .3 .3 .4  (d iii)  - M ean total activ ity  o f  ch itin ase  in  the lo w  nutrient m ed ia  
containing basidiomycete cell wall material, irrespective o f  the Trichoderma species 
subgroups. Each value in the table is the mean o f  laminarinase total activity by all the 
Trichoderma isolates against each type o f  basidiomycete cell wall material. 1 to 4  are 
brown rot fungal cell wall material and 5 to 7 are that o f white rot fungi.
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Factors F ratio D egree of freedom P
Species subgps.(S) 4.8 4 ,1 0 5 p<0 .0 0 1
Decay cell wall(D) 18.29 6 ,1 0 5 p<0 .0 0 1
D X S 5.04 2 4 ,1 0 5 p<0 .0 0 1
Table 3 .3 3 .4  (e) - Analysis o f  variance o f  total chitinase activity in the low  nutrient 
media containing basidiomycete cell wall material.
3 .3 3 .5  Laminarinase and chitinase activity in LNM-glucose+basidiomycete cell wall
Table 3 3 .3 .5  (ai and aii) shows the total enzyme activity o f  laminarinase and chitinase 
respectively in the LNM with seven different basidiomycetes cell wall preparations.
The very high levels o f  laminarinase production in this medium in comparison to that in 
LNM containing glucose and cell wall material, indicates that the laminarinase activity 
was highly repressed in the presence o f  glucose in the latter medium. From the study o f  
the mean laminarinase activity of species subgroups with the seven basidiomycete cell 
walls (table 3 .3 3 .5  (bi)) it was evident that the variation within the species subgroups 
and cell wall types is not as obvious as seen in LNM  containing both glucose and cell 
w all (table 3 .3 3 .4  (b i)). M ean values o f  lam inarinase production in  the sp ec ies  
subgroups irrespective o f cell wall material (table 3 3 .3 .5  (bii)) showed that subgroup 4  
(T.pseudokoningii) produced the highest level o f  laminarinase enzyme, unlike in the 
same medium containing glucose where it was subgroup 1, (T.aureoviride). M ean  
values o f laminarinase activity in the presence o f  each o f the seven basidiomycete cell 
w alls showed that laminarinase production is dependent on the cell wall type (table
3 3 .3 .5  (biii)). Mean laminarinase production by all isolates was not found to be that 
different in the presence o f brown rot fungal cell wall (114.2 total activity units) and 
white rot fungal cell wall (111.3 total activity units), as seen in LNM with glucose and 
cell wall. However this could be a masked effect seen due to the exceptionally high  
le v e ls  o f  lam in arin ase produced in  the p resen ce  o f  the w h ite  rot c e l l  w a ll o f  
T.versicolor, while the other two cell wall types cause a low er level o f  enzym e to be 
produced in their presence.
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Trichoderma
species
Laminarinase Total Activity
Basidiomycete cell walls
Brown rot fungi W hite rot fungi
1 2 3 4 5 6 7
B1 103.4 84.3 77.0 76.7 91.4 93.4 96.84
B5 127.5 121.5 85.5 90.9 118.9 89.5 94.6
R2 126.3 101.3 80.4 78.8 138.9 107.5 84.2
R7 1 0 2 .1 81.5 78.9 82.7 91.3 95.2 78.5
RIO 174.6 115.5 79.9 123.5 205.0 85.7 103.5
B l l 84.6 126.0 96.8 77.0 77.7 76.8 82.8
B13 216 108.6 171.7 80.3 196.9 77.6 95.7
B14 142.1 118.5 119.6 79.4 126.2 90.5 87.7
B15 316.1 257.2 259.7 133.9 362.3 91.8 100.5
B16 179.9 128.4 96.2 85.2 182.4 123.9 123.2
Table 3 .3 3 .5  (ai) - Levels o f production o f laminarinase by Trichoderma isolates in the low nutrient media minus glucose and with basidiomycete 
cell wall (medium 3); 1 - N.lepideus, 2 - G.trabeum, 3 - P.placenta, 4 - A.carbonica, 5 - T.versicolor, 6 - Ph.brevispora, 1 - I.lacteus. The 
Trichoderma species, B1 - T.aureoviride; B5, R2, R7 and RIO - T.viride\ B l l  - T.harzianum; B13, B14 and B15 - T.pseudokoningii; B16 - 
unidentified Trichoderma. The cell wall o f  basidiom ycetes 1 to 4  belong to brown rot fungi and 5 to 7 are white rot fungi. Amount o f enzyme 
produced is represented as total activity, 1 unit o f  which is = 1 pmole o f glucose released/ml o f filtrate/hour.
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Trichoderma Chitinase Total Activity
species Basidiomycete cell walls
Brown rot fungi W hite rot fungi
1 2 3 4 5 6 7
B1 17.51 10.64 8 .0 0.09 4.89 9.22 5.36
B5 26.74 9.41 9.13 3.01 32.39 9.88 6.96
R2 2.26 3.67 18.83 3.67 0.09 17.70 5.65
R7 6.59 2 2 .2 10.36 0.18 45.01 4.14 7.724
RIO 5.83 24.67 8.47 3.95 4.70 1.13 2.26
B l l 2.26 14.31 19.96 0.09 1 .6 11.67 2.26
B13 18.27 3.48 7.25 1 .8 8 4.7 6 .0 2 6 .0 2
B14 0.37 1.31 6 .0 2 2.73 2.63 7.53 1.60
B15 6.96 8.19 4.70 1 .8 8 44.83 8 .6 6 2.26
B16 2.07 10.17 23.35 7.25 6.78 7.72 5.65
Table 3.3.3.5 (aii) - Levels o f production o f chitinase by Trichoderma isolates in the low nutrient media minus glucose and with basidiomycete cell 
wall (medium 3); 1 - N.lepideus, 2 - G.trabeum, 3 - P.placenta, 4 - A.carbonica, 5 - T.versicolor, 6  - Ph.brevispora, 7 - Llacteus. The Trichoderma 
species, B1 - T.aureoviride\ B5, R2, R7 and RIO - T.viride; B l l  - T.harzianum\ B13, B14 and B15 - T.pseudokoningii; B16 - unidentified  
Trichoderma. The cell wall o f basidiom ycetes 1 to 4  belong to brown rot fungi and 5 to 7 are white rot fungi. Amount o f enzyme produced is 
represented as total activity, 1 unit o f which is = 1 jimole o f n-acetylglucosamine released/ml o f filtrate/hour.
Laminarinase production seems to be highest with cell wall type o f  N.lepideus among 
the brown rot fungi and with cell wall o f  T.versicolor among the white rot fungi. These 
are the same cell wall types that also showed a high level o f  laminarinase in the LNM  
containing glucose and cell wall material. A nalysis o f  variance tests undertaken to 
examine the effect o f  species and basidiomycete cell wall type (table 3.3.3.5 (c)) showed 
that both the factors have a significant role to play in the level o f enzym e produced. It 
was also noted that the level o f  enzym e produced in all cases was far higher, than in  
either LNM or LNM with glucose and cell wall material. The results produced in  the 
absence o f glucose in the LNM +cell wall material show the level o f  enzym e produced 
unrepressed compared with the repressed levels seen in the other two media.
D ecay type
Trichoderm a species subgroups
(as in table 3.3.3.5 (aii))
1 2 3 4 5
1 102.9 132.1 84.1 224.2 179.4
(0.83) (28.09) (0.71) (78.1) (0.90)
2 83.8 104.4 125.5 160.9 127.9
(0.7) (16.4) (0.64) (74.3) (0.76)
3 76.5 80.68 96.3 183.1 95.7
(0.71) (2.78) (0.65) (63.34) (0.75)
4 76.2 93.47 76.5 97.3 84.7
(0.82) (18.82) (0.76) (27.92) (0.83)
5 90.9 138 77.2 227.9 181.9
(0.77) (44.83) (0 .6 8 ) (108.38) (0 .8 8 )
6 92.9 93.97 76.3 86.13 123.4
(0.74) (8.83) (0.77) (7.04) (0.70)
7 96.34 89.7 82.3 94.13 122.7
(0.75) ( 1 0 .2 ) (0.76) (5.81) (0 .8 6 )
Table 3.3.3.5 (bi) - Mean total activity o f  laminarinase in the five  Trichoderma species  
subgroups in the low nutrient media minus glucose with seven different basidiomycete cell 
wall material. Each value in the table is the mean for all replicates o f  all Trichoderma isolates 
tested. Standard deviations are in parentheses. Basidiomycete cell walls, 1 - N.lepideus, 2 - 
G.trabeum, 3 - P.placenta, 4 - A.carbonica, 5 - T.versicolor, 6  - P.brevispora, 7 - I.lacteus.
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Trichoderm a species subgroups
(As per table 3.3.3.5 (bi))
1 2 3 4 5
88.51 104.63 88.31 153.42 130.81
(9.71) (29.71) (17.14) (82.26) (36.08)
Table 3.3.3.5 (bii) - Mean total activity o f  laminarinase in the five Trichoderma species 
subgroups in the low  nutrient media minus glucose and with basidiom ycete cell wall 
materials (irrespective o f the type o f  cell wall material). Each value in the table is the
mean for all replicates o f  Trichoderma
Basidiom ycete cell wall type
(As per table 3.3.3.5 (bi))
1 2 3 4 5 6 7
144.5 120.5 106.47 85.65 143.2 94.54 97.03
Table 3.3.3.5 (bin) - Mean total activity o f  laminarinase in the low  nutrient media minus 
glucose and with basidiom ycete cell wall material irrespective o f  the Trichoderma 
species subgroups. Each value in the table is the mean o f laminarinase total activity by 
all the Trichoderma isolates against each type o f basidiomycete cell wall material. 1 to 
4 are brown rot fungal cell wall material and 5 to 7 is that o f  white rot fungi.
Factors F  ratio D egree o f freedom P
Species subgps.(S) 14.1 4 ,1 0 5 p<0 .0 0 1
Decay cell wall(D) 4.91 6 ,1 0 5 p<0 .0 0 1
D X S 2.05 2 4 ,105 p<0.007
Table 3.3.3.5 (c) - Analysis o f variance o f total laminarinase activity in the low  nutrient 
media minus glucose and with basidiomycete cell wall material.
In the case o f production o f  the chitinase enzyme, again there was very high variability 
in the amount o f enzyme produced (table 3.3.3.5 (di)). Mean values o f chitinase activity 
within each species subgroup irrespective o f the type o f basidiomycete cell wall material 
(table 3.3.3.5 (dii)) show that subgroup 2, (T.viride) produces slightly higher amounts o f  
chitinase although the other subgroups produce similar levels o f  enzyme. Analysis o f  
variance (table 3.3.3.5 (e)) carried out to examine the effect o f  species subgroups and
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cell wall type on the level o f  enzyme production show that basidiomycete cell wall type 
has a more significant role to play (p<0.016), than the species subgroups (p=0.27). 
Mean chitinase production by all the isolates was not found to be very different between  
LNM  with the brown rot (8.12 total activity units) and white rot cell wall material (7.42 
total activity units) (table 3 3 .3 .5  (diii). This pattern was similar to that found with the 
production o f laminarinase.
D ecay type
Trichoderm a species subgroups
1 2 3 4 5
1 17.0 9.98 1.7 8.15 1.5
(0 .6 8 ) ( 1 0 . 1) (0.50) (7.8) (0.7)
2 1 0 .1 14.4 8 .8 3.9 9.6
(0.56) (9 3 ) (7.7) (2.9) (0.78)
3 7.5 1 1 .1 19.4 5.46 2 2 .8
(0.64) (4.5) (0.7) (1.24) (0.77)
4 0.09 2.31 0.09 1.93 6.7
(0 ) (1.43) (0 ) (0.37) (0.71)
5 4 3 20.14 1 .6 17.0 6 .2
(0.53) (19.9) (0 ) (2 1 .1 ) (0 .6 8 )
6 8.7 7.8 1 1 .1 6 .8 6 7.2
(0 .6 6 ) (6.63) (0.7) (1.28) (0.65)
7 4.8 5.22 2 .2 3.1 5.1
(0.69) (2.08) (0 ) (1.9) (0.69)
Table 3 .3 3 .5  (di) - M ean total activity o f  chitinase in the fiv e  Trichoderma species  
subgroups in  the lo w  nutrient m ed ia  m inus g lu co se  and w ith  the sev en  d ifferent 
basidiomycete cell wall material. Each value in the table is the mean for all replicates o f all 
Trichoderma isolates tested. Standard deviations are in parentheses. Basidiom ycete cell 
walls: 1 - N.lepideus, 2 - G.trabeum, 3 - P.placenta, 4  - A.carbonica, 5 - T.versicolor, 6  - 
P.brevispora, 1 - I.lacteus. The Trichoderma species: 1 - T.aureoviride; 2 - T.viride\ 3 - 
T.harzianum’, 4 - T.pseudokoningii; 5 - unidentified Trichoderma.
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T r ic h o d e r m a  s p e c ie s  s u b g r o u p s
(A s  per ta b le  3 .3 .3 .5  (d i))
1 2 3 4 5
7 .4 9 1 0 .1 4 6 .4 1 6 .6 4 8 .4 4
(5 .1 5 ) ( 1 0 .6 ) (7 .1 3 ) (9 .3 ) (6 .5 )
T a b le  3 .3 .3 .4  (d i i)  - M e a n  to ta l a c t iv ity  o f  c h it in a s e  in  th e  f i v e  Trichoderma s p e c ie s  
su b g r o u p s  in  th e  l o w  n u tr ie n t  m e d ia  m in u s  g lu c o s e  a n d  w ith  b a s id io m y c e t e  c e l l  w a ll  
m a te r ia ls  ( ir r e s p e c t iv e  o f  th e  ty p e  o f  c e l l  w a ll  m a te r ia l) . E a c h  v a lu e  in  th e  ta b le  i s  th e
m e a n  fo r  a ll r e p lic a te s  o f  Trichoderma
Basidiomycete cell wall type
(A s  p er  ta b le  3 .3 .3 .5  (d i))
1 2 3 4 5 6 7
7 .6 5 9 .3 7 1 3 .2 6 2 . 2 2 9 .8 5 8 .3 3 4 .0 8
T a b le  3 .3 .3 .5  (d i i i )  -  M e a n  to ta l a c t iv i ty  o f  c h it in a s e  in  th e  l o w  n u tr ie n t m e d ia  m in u s  
g lu c o s e  a n d  w ith  b a s id io m y c e t e  c e l l  w a ll  m a te r ia l , i r r e s p e c t iv e  o f  th e  Trichoderma 
s p e c ie s  su b g ro u p s . E a c h  v a lu e  in  th e  ta b le  i s  th e  m e a n  o f  la m in a r in a se  to ta l a c t iv ity  b y  
a ll th e  Trichoderma is o la te s  a g a in st e a c h  ty p e  o f  b a s id io m y c e te  c e l l  w a ll  m a ter ia l. 1 to  
4  are b ro w n  rot fu n g a l c e l l  w a ll m ateria l an d  5  to  7  are that o f  w h ite  ro t fu n g i.
F a c to r s F  r a tio D e g r e e  o f  f r e e d o m P
S p e c ie s  su b g p s .(S ) 1 .31 4 ,1 0 5 p = 0 .2 7 0
D e c a y  c e l l  w a ll(D ) 2 .7 4 6 ,1 0 5 p < 0 .0 1 6
D X S 1 .2 5 2 4 ,1 0 5 p = 0 . 2 2 0
T a b le  3 .3 .3 .5  ( e )  - A n a ly s is  o f  v a r ia n c e  o f  to ta l c h it in a s e  a c t iv i t y  in  th e  l o w  n u tr ie n t  
m e d ia  m in u s g lu c o s e  and  w ith  b a s id io m y c e te  c e l l  w a ll  m ateria l.
H o w e v e r  th is  c o u ld  b e  d u e  to  th e  v e r y  h ig h  v a r ia b i l i t y  in  t h e  a m o u n t  o f  c h i t in a s e  
p r o d u c e d  in  th e  p r e se n c e  o f  d if fe r e n t  c e l l  w a ll  ty p e s . C h it in a se  p r o d u c tio n  s e e m s  to  b e  
h ig h e s t  w ith  c e l l  w a ll ty p e  3 ( P.placenta)  a m o n g  th e  b ro w n  ro ts  an d  w ith  c e l l  w a ll  ty p e  
5 ( T.versicolor) a m o n g  t h e  w h i t e  r o t s .  I t  i s  e v i d e n t  f r o m  F ig u r e  3 .3 .3  ( a )  th a t  
la m in a r in a se  p ro d u c tio n  is  c a ta b o lite  rep ressed  in  th e  L N M  m e d ia  w ith  g lu c o s e  an d  c e l l  
w a ll. H o w e v e r  c h it in a se  p ro d u c tio n  (F ig u r e  3 .3 .3  (b ) )  d o e s  n o t  s e e m  to  b e  a s  r e p r e sse d
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as la m in a r in a se  in  th e  p r e se n c e  o f  g lu c o s e . In te r sp e c ie s  an d  in terstra in  v a r ia b ility  a m o n g  
th e  is o la te s  is  a lso  e v id e n t  fro m  th e  tw o  g rap h s. T h e  le v e ls  o f  e n z y m e  p r o d u c e d  in  L N M  
w ith  c e l l  w a ll  b u t n o  g lu c o s e  r e p r e se n ts  th e  u n r e p r e s s e d  l e v e l  o f  e n z y m e  a c t iv ity  an d  
th e r e fo r e  c a n  b e  c o n s id e r e d  o f  m o re  im p o r ta n c e  th a n  th e  o th e r  tw o  m e d ia . T h e  r e su lts  
in d ic a te  th at T.pseudokoningii sp p . s h o w  th e  h ig h e s t  a m o u n ts  o f  la m in a r in a se  a c t iv ity  
an d  T.viride s h o w  h ig h  l e v e l s  o f  c h it in a se  p ro d u c tio n . T h ere  d o e s  n o t  th e r e fo r e  s e e m  to  
b e  a n y  c o r r e la tio n  in  th e  p r o d u c tio n  o f  th e  tw o  e n z y m e s . H o w e v e r  it  i s  v e r y  c le a r  fro m  
th e  resu lts  rep orted  ea r lier  th a t th e  le v e l s  o f  b o th  e n z y m e s  p r o d u c e d  i s  d e p e n d e n t o n  th e  
ty p e  o f  b a s id io m y c e te  c e ll  w a ll  m ateria l in  th e  m ed iu m .
3 .3 .3 . 6  G lu c o s a m in id a s e  a n d  g a la c to s a m in id a s e  a c t iv i t y  in  L N M , L N M  +  c e l l  w a l l  
m ateria l and  L N M  - g lu c o s e  +  c e ll  w a ll  m ateria l
N e i t h e r  o f  th e  e n z y m e s  c o u ld  b e  d e t e c t e d  in  L N M  a n d  L N M  +  c e l l  w a l l  m a te r ia l .  
H o w e v e r  le v e l s  o f  a c t iv ity  o f  b o th  e n z y m e s  w e r e  d e te c te d  in  L N M  - g lu c o s e  +  c e l l  w a ll  
m a ter ia l. Trichoderma i s o la t e s  B l l  ( T.harzianum) ,  B 1 3  an d  B 15 ( T.pseudokoningii) 
p r o d u ce  h ig h e r  l e v e ls  o f  b o th  e n z y m e s  w ith  m o s t  c e l l  w a ll  ty p e s . T h e  la tter  s p e c ie s  a lso  
e x h ib it  h ig h  l e v e l s  o f  la m in a r in a se , b u t n o t  o f  c h it in a s e . I n d u c t io n  o f  th e  tw o  e n z y m e s  
a p p e a r s  to  b e  h ig h e r  in  th e  p r e s e n c e  o f  c e l l  w a l l  t y p e  2  {G.trabeum) b u t  th is  h a s  n o  
c o rre la tio n  to  a n y  in d u c t io n  s e e n  w ith  la m in a r in a se  or  c h it in a se . In  g e n e r a l i t  i s  e v id e n t  
th at h ig h e r  le v e l s  o f  g lu c o s a m in id a s e  p r o d u c tio n  i s  m a tc h e d  b y  e q u a lly  h ig h e r  le v e l s  o f  
g a la c to sa m in id a se .
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Figure 3.3.3 (a) - Laminarinase (total activity) produced by the Trichoderma  species subgroups in LNM,
LNM+G+CW and LNM-G+CW.
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Figure 3.3.3 (b) - Chitinase (total activity) produced by the Trichoderm a  species subgroups in  LNM,
LNM+G+CW and LNM-G+CW.
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Trichoderm a Basidiomycetes cell walls
s p e c ie s
1 2 3 4 5 6 7
A B A B A B A B A B A B A B
B 1 1 1 4 2 4 2 2 2 1 2 2 2 2 1
B 5 1 1 4 2 2 2 2 2 1 1 2 4 2 1
R 2 2 1 4 4 2 2 1 1 1 1 2 2 2 2
R 7 1 1 8 2 2 2 2 2 1 1 2 2 2 1
R IO 4 2 2 2 2 2 2 1 1 1 2 2 2 1
B l l 2 2 4 4 2 2 4 6 2 2 2 2 2 2
B 1 3 2 2 8 8 2 2 4 6 2 2 2 4 4 8
B 1 4 1 1 2 2 2 2 2 2 2 2 2 4 2 2
B 1 5 1 1 4 4 4 6 2 2 2 2 2 1 0 2 2
B 1 6 1 1 4 2 2 2 2 1 1 1 4 4 2 2
T a b le  3 .3 .3 .6  - L e v e ls  o f  p r o d u c t io n  o f  g lu c o s a m in id a s e  (A )  an d  g a la c to s a m in id a s e  (B )  b y  Trichoderma is o la te s  in  th e  lo w  n u tr ien t  
m e d ia  m in u s  g lu c o s e  c o n t a in in g  b a s id io m y c e t e  c e l l  w a l l ;  1 - N.lepideus, 2 - G.trabeum, 3 - P.placenta, 4  - A.carbonica, 5 - 
T.versicolor, 6 -  P.brevispora, 7  - I.lacteus. T h e  Trichoderma s p e c ie s ,  B 1  - T.aureoviride; B 5 , R 2 , R 7  an d  R IO  - T.viride\ B l l  - 
T.harzianum\ B 1 3 , B 1 4  an d  B 15 - T.pseudokoningii; B 1 6  - u n id e n tif ie d  Trichoderma. T h e  c e ll  w a ll  o f  b a s id io m y c e te s  1 to  4  b e lo n g  
to  b r o w n  rot fu n g i an d  5  to  7  are w h ite  ro t  fu n g i. A m o u n t o f  e n z y m e  p r o d u c e d  is  r e p resen ted  as f o l lo w s  - 1  u n it  o f  e n z y m e  a c t iv ity  is  
e q u iv a le n t o f  0 .0 0 1  (iM  o f  p -n itro p h en o l re leased /h r .
3 .3 .4  D i s c u s s i o n
A s  r e v ie w e d  in  th e  in tr o d u c tio n , it  h a s  b e e n  k n o w n  th a t la m in a r in a se  an d  c h it in a s e  are  
k e y  e n z y m e s  in v o lv e d  in  th e  ly s i s  o f  fu n g a l c e l l  w a lls ,  m a in ly  fr o m  th e  w o r k  d o n e  w ith  
p la n t  p a th o g e n ic  fu n g a l c e l l  w a ll  m a te r ia l. It h a s  a lso  b e e n  n o te d  b y  th e  s a m e  a u th o r s  
th a t th e  e n z y m e s  are in d u c ib le  in  th e  p r e s e n c e  o f  th e  p la n t  p a th o g e n ic  fu n g a l c e l l  w a ll  
m ater ia l an d  th e  resu lts  p re sen ted  a b o v e  in d ic a te  th at la m in a r in a se  and  c h it in a se  are a lso  
in d u c e d  b y  th e  p r e se n c e  o f  c e ll  w a ll m a ter ia l fro m  w o o d  d e c a y  b a s id io m y c e te s .
T h e  te n  T r i c h o d e r m a  i s o la t e s  s e le c t e d  p r e v io u s ly  o n  th e  b a s is  o f  in te r a c t io n  s tu d ie s  
(C h a p te r  2 )  w e r e  a ll t e s t e d  fo r  th e  l e v e l s  o f  l y t i c  e n z y m e  p r o d u c t io n  i n  M E A  (m a lt  
e x tr a c t  agar) an d  L N M  ( lo w  nu trien t m e d iu m ). L e v e ls  o f  th e  tw o  e n z y m e s  la m in a r in a se  
a n d  c h i t in a s e  t e s t e d  b y  m a c r o a s s a y  ( s e c t io n s  3 .3 .3 .1  a n d  3 .3 .3 .2 )  s h o w e d  th a t  th e ir  
p r o d u c tio n  w a s  far  h ig h er  in  M E A  th a n  L N M  (S r in iv a sa n  e t  a l . ,  1 9 9 2  a , b ). It i s  o b v io u s  
fro m  th e  r e su lts  th at th e  p ro d u c tio n  o f  e n z y m e  is  in f lu e n c e d  b y  th e  n u tr ien t c o n s is t e n c y  
o f  t h e  m e d iu m . H o w e v e r ,  o n ly  th e  l e v e l s  o f  e n z y m e  p r o d u c e d  in  th e  L N M  c a n  b e  
c o n s id e r e d  to  b e  n ear th e  r e a lis t ic  a m o u n ts  p r o d u c e d  i n  v i t r o  a s th e  L N M  is  d e v is e d  to  
h a v e  a  C :N  ratio  s im ila r  to  that o f  w o o d .
T h e  in f lu e n c e  o f  v a r io u s  n itr o g e n  s o u r c e s  o n  th e  p r o d u c t io n  o f  c e l lu la s e  e n z y m e  b y  
s e v e r a l  s tra in s  o f  T . h a r z i a n u m  h a s b e e n  s tu d ie d  b y  D w iv e d i  an d  S h a r m a  ( 1 9 8 9 ) .  It is  
e v i d e n t  f r o m  th e ir  w o r k  th a t  o r g a n ic  n i t r o g e n  n u t r ie n t s  i n d u c e  g r e a t e r  e n z y m e  
p r o d u c t io n  th a n  in o r g a n ic  n itr o g e n . T h is  c o r r e la te s  w ith  th e  r e s u lt s  o b ta in e d  in  th is  
s tu d y  w h e r e  l e v e l s  o f  th e  l y t i c  e n z y m e s  w e r e  g r e a te r  in  M E A  th a n  L N M , th e  fo r m e r  
b e in g  r ich er  in  o rg a n ic  n itro g en  n u trien ts. H o w e v e r , th ere  w e r e  a  f e w  e x c e p t io n s  a m o n g  
th e  i s o la t e s  th a t  p r o d u c e d  e q u a l ly  h ig h  l e v e l s  o f  e n z y m e  in  th e  L N M , a n d  t h e s e  a re  
l ik e ly  to  b e  o f  g r e a te r  in te r e s t  fo r  fu r th e r  s tu d y  d u e  to  th e ir  a b il i ty  to  p r o d u c e  h ig h e r  
e n z y m e  l e v e l s  in  a  m e d iu m  c lo s e r  in  n u tr ie n t  c o n s is t e n c y  to  w o o d . It i s  im p o r ta n t  to  
b ea r  in  m in d  h o w e v e r  th at th e se  l e v e l s  o f  e n z y m e  are o n ly  c o n s t itu t iv e  l e v e l s  p r o d u c e d  
b y  th e  a n ta g o n is t  in  th e  p r e se n c e  o f  g lu c o s e  a s  i t s  s o le  s o u r c e  o f  c a rb o n . W o r k  ca rr ied  
o u t  b y  A c e b a l  e t  a l .  ( 1 9 8 8 )  o n  t h e  i n f l u e n c e  o f  d i f f e r e n t  c a r b o n  s o u r c e s  o n  t h e  
p r o d u c tio n  o f  e n d o g lu c a n a se  and p -g lu c o s id a s e  in  T . r e e s e i  s h o w e d  th at w h e a t  s tra w  as
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th e  s o l e  c a r b o n  s o u r c e  g a v e  th e  h ig h e s t  l e v e l  o f  e n z y m e  p r o d u c t io n  in  c o m p a r is o n  to  
x y la n  an d  c e l lu lo s e .  T h e y  a ls o  n o te d  th a t  p - g lu c o s id a s e  a c t iv i ty  v a r ie d  w it h  t im e  o f  
c u ltu r e  an d  r e a c h e d  i t s  h ig h e s t  l e v e l  a fte r  1 4  d a y s  o f  g r o w th , w h ic h  w a s  t h e  t im e  o f  
g r o w th  th a t w a s  a l lo w e d  fo r  a ll th e  T r i c h o d e r m a  cu ltu r e s  in  th is  s tu d y  b e fo r e  a s s a y in g  
fo r  e n z y m e s .
W h ip p s  and  M a g a n  ( 1 9 8 7 )  h a v e  p o in te d  o u t  th e  im p o r ta n c e  o f  u s in g  lo w  n u tr ien t m e d ia  
w h e n  stu d y in g  in tera ctio n s  b e tw e e n  a n ta g o n is ts  an d  p la n t p a th o g e n s  b e c a u s e  th e s e  fu n g i  
c o m p le t e  th e ir  l i f e  c y c l e s  u n d e r  n u tr ie n t -p o o r  c o n d it io n s .  T e s t s  c a r r ie d  o u t  o n  h ig h  
n u tr ie n t  m e d ia  m ig h t  n o t  c o r r e sp o n d  w ith  n a tu ra l c o n d it io n s . T h is  i s  a ls o  l ik e ly  to  b e  
tru e  fo r  m y c o p a r a s it ic  r e la t io n sh ip s . T h e  w o r k  o f  P e r s s o n  an d  B a a th  ( 1 9 9 2 )  h a s  s h o w n  
th a t  t h e  m y c o p a r a s i t i s m  o f  R h i z o c t o n i a  s o l a n i  b y  A r t h r o b o t r y s  o l i g o s p o r a  w a s  
in f lu e n c e d  b y  n u tr ie n t  l e v e l s .  T h e  ty p e  o f  c a r b o n  a n d  n it r o g e n  c o n c e n t r a t io n  in  th e  
m e d iu m  w a s  fo u n d  to  in f lu e n c e  th e  c o i l in g  fr e q u e n c y  o f  th e  m y c o p a r a s ite  w h ic h  c o u ld  
b e  q u a n t if ie d .  T h e ir  h y p o t h e s i s  w a s  th a t  c o i l i n g  f r e q u e n c y  w o u ld  i n c r e a s e  a t  l o w  
n u tr ie n t c o n c e n tr a t io n s , s in c e  n u tr ien ts  g a in e d  fr o m  p a r a s it is in g  o th e r  fu n g i  c o u ld  b e  
e x p e c te d  to  b e  m ore  im p o rta n t u n d er  s u c h  c o n d it io n s . In stea d  th e y  fo u n d  th a t in c r e a s in g  
c o n c e n tr a tio n  o f  co rn  m e a l agar g a v e  in c r e a s in g  c o i l in g  fr e q u e n c y  u p  to  a  c o n c e n tr a t io n  
o f  h a l f  th e  r e c o m m e n d e d  stren g th . A t  h ig h e r  c o n c e n tr a t io n s  th e  c o i l in g  fr e q u e n c y  w a s  
c o n s t a n t ,  a l t h o u g h  t h e  h y p h a l  d e n s i t y  o f  b o t h  f u n g i  i n c r e a s e d  o v e r  t h e  w h o l e  
c o n c e n tr a t io n  r a n g e . C o i l in g  fr e q u e n c y  w a s  p o s i t iv e ly  c o r r e la te d  w ith  p r o b a b i l i ty  o f  
h y p h a l e n c o u n te r , c a lc u la te d  a s  th e  p r o d u c t  o f  th e  h y p h a l d e n s i t ie s  o f  th e  t w o  f u n g i ,  
e x c e p t  at h ig h  c o m  m ea l agar co n cen tra tio n s . T h e r e fo r e , a lth o u g h  h y p h a l d e n s it ie s  w e r e  
r e la te d  to  th e  n u tr ien t l e v e l ,  th e  in c r e a s e d  c o i l in g  fr e q u e n c y  c o u ld  b e  e x p la in e d  b y  th e  
h ig h e r  p r o b a b ility  o f  e n c o u n te r  b e t w e e n  h y p h a e  o f  th e  tw o  s p e c ie s  at h ig h e r  n u tr ie n t  
l e v e ls .  T h e  f in d in g s  o f  P e r s so n  and  B a a th  ( 1 9 9 2 )  s u g g e s t s  th a t m y c o p a r a s it ic  fu n g i  c a n  
c h a n g e  th e ir  g r o w t h  p a t t e r n  a c c o r d in g  t o  l e v e l  o f  th e  n u tr ie n t s  a n d  s o  i t  m a y  b e  
r e a so n a b le  to  h y p o th e s is e  th a t m y c o p a r a s it ism  b y  T r i c h o d e r m a  m a y  b e  a lso  d e p e n d e n t  
o n  n u tr ie n t  a v a i la b i l i t y .  T h e  r e s u lt s  o f  th e  s tu d y  h e r e  c le a r ly  s h o w  th e  t h e  n u tr ie n t  
c o n te n t  o f  th e  m e d iu m  is  a  d e te r m in a n t  o f  th e  l e v e l s  o f  ly t i c  e n z y m e  p r o d u c e d . S o  it  
a p p e a r s  th a t  th e  p h y s ic a l  a n d  c h e m ic a l  r e s p o n s e s  o f  a  fu n g i  a re  in t e r r e la t e d  to  th e  
n u trien t c o m p o s it io n  o f  th e  m ed iu m  o f  g ro w th .
142
A m o n g s t  se v e r a l ca rb o h y d ra tes  te s te d  b y  P e r s s o n  an d  B a a th  ( 1 9 9 2 )  g lu c o s e  r e s u lte d  in  
t h e  h ig h e s t ,  a n d  s u c r o s e  th e  l o w e s t ,  c o i l i n g  f r e q u e n c y .  T h e  e f f e c t  o f  t h e  d i f f e r e n t  
c a r b o h y d r a te s  o n  c o i l in g  fr e q u e n c y  w a s  n o t  c o r r e la te d  w it h  h y p h a l d e n s i t i e s  o f  th e  
f u n g i .  A d d i t io n  o f  a  n it r o g e n  s o u r c e ,  N a N O g , r e m o v e d  t h e  d i f f e r e n c e s  i n  c o i l i n g  
f r e q u e n c y  b e t w e e n  g lu c o s e  a n d  s u c r o s e  a n d  in c r e a s e d  c o i l i n g  f r e q u e n c ie s  o n  b o th  
su gars.
T h e s e  au th ors h o w e v e r  h a v e  n o t  c o n s id e r e d  th e  p o s s ib i l i ty  th a t h ig h e r  n u tr ien t l e v e l s  or  
d if fe r e n t  c a rb o h y d ra te  so u r c e s  apart fr o m  in c r e a s in g  th e  h y p h a l d e n s ity  m a y  a ls o  a lter  
th e  p h y s io lo g ic a l  a s p e c ts  o f  th e  a n ta g o n is t  a n d  p a th o g e n . I t  i s  p o s s ib le  th a t  th e  s ta g e  
p r e c e d e d  b y  c o i l in g ,  i .e . ,  th e  r e c o g n it io n  s ta g e  w h ic h  m a y  in v o lv e  th e  r o le  o f  le c t in s  as  
d is c u s s e d  in  th e  in tr o d u c t io n  m a y  a ls o  h a v e  a  r o le  to  p la y  in  d e te r m in in g  th e  d e g r e e  o f  
c o il in g . It is  o b se r v e d  b y  E la d  et al. (1 9 8 3  a) th a t a  le c t in  p r e se n t in  Rhizoctonia solani, 
b in d s  to  g a la c t o s e  r e s id u e s  o n  Trichoderma c e l l  w a l l s .  S im i la r ly  a  m o r e  s p e c i f i c  
r e c o g n it io n  b e tw e e n  S.rolfsii and  Trichoderma w a s  a lso  fo u n d  to  b e  r e la te d  to  le c t in s ,  
h o w e v e r  th e  b in d in g  s i t e  o f  th is  a g g lu t in in  o n  Trichoderma w a s  D - g l u c o s e  a n d  D -
n ,  n ,
m a n n o s e  p r o v id e d  th e  c a t io n s  M n  an d  C a  w e r e  p r e se n t (B a ra k  et al., 1 9 8 5 ) .  S u c h  
a g g lu t in in s  h a d  b e e n  p u r i f i e d  e a r l ie r  i n  t h e  w o r k  b y  M ir e lm a n  et al. ( 1 9 7 5 )  o n  a  
s e p h a r o s e  c o lu m n  a n d  i t s  s e p a r a t io n  o n  p o ly a c r y la m id e  g e l s  s h o w e d  t w o  b a n d s  
in d ic a t in g  tw o  su b u n its  w h ic h  w a s  s u b s e q u e n t ly  fo u n d  to  b e  a  g ly c o p r o te in  w ith  le c t in  
ch a ra cter istics .
I t  i s  c le a r  fr o m  th is  th at b o th  th e  s p e c if ic  le c t in s  (g ly c o p r o te in )  p r o d u c e d  b y  p a th o g e n s  
a n d  th e  a tta ch m en t s ite s  o n  th e  a n ta g o n is ts  are l ik e ly  to  v a r y  d e p e n d e n t  o n  th e  g r o w th  
m e d ia  (ca rb o n  and  n itr o g e n  so u r c e ) , th e r e b y  in f lu e n c in g  th e  c o i l in g  fr e q u e n c y , a s  th is  
w il l  b e  re la ted  to  th e  n u m b er  o f  s ite s  o f  h y p h a l in te r a c tio n . T h e r e fo r e  i t  i s  im p o r ta n t to  
c h o s e  a n  a p p ro p r ia te  m e d ia  fo r  a n y  m y c o p a r a s it ic  s tu d ie s  a s  w e l l  a s  fo r  a s s a y  o f  ly t i c  
e n z y m e s  th a t are  in v o lv e d  la te r  in  th e  in te r a c t io n  p r o c e s s .  T h e  L N M  u s e d  h e r e  o n ly  
g iv e s  th e  c o n s t itu t iv e  l e v e l  o f  e n z y m e  th a t c a n  b e  p r o d u c e d  b y  Trichoderma a n d  th e  
re su lts  o f  e n z y m e  le v e ls  p ro d u ced  in  L N M  w ith  b a s id io m y c e te  c e l l  w a ll  m a ter ia l s h o u ld  
g iv e  a  b e tter  in d ic a t io n  o f  th e  le v e ls  o f  e n z y m e  p r o d u c tio n  in  w o o d . T h e  e n z y m e  le v e l s
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in  M E A  a re  o b v io u s ly  e x a g g e r a te d  d u e  to  h ig h  n u tr ie n t l e v e l s  a n d  m a y  n o t  r e p r e se n t  
m y c o p a r a s it ic  p o te n tia l o f  th e  a n ta g o n is ts . T h e  im p o r ta n c e  o f  s e le c t in g  th e  r ig h t m e d ia  
w a s  a lso  su p p o rted  b y  th e  a n a ly s is  o f  v a r ia n c e  te s t in g  that s h o w e d  th a t m e d ia  ty p e  h a s  a  
s ig n if ic a n t  r o le  to  p la y  in  d e term in in g  th e  le v e ls  o f  p r o d u c tio n  o f  b o th  la m in a r in a se  an d  
ch itin a se .
E v e n  th e  le v e l s  o f  e n z y m e  p r o d u c e d  in  th e  p r e se n c e  o f  th e  cru d e  c e l l  w a ll  p rep a ra tio n s , 
h o w e v e r  m a y  n o t tru e ly  rep resen t th e  l e v e l s  o f  e n z y m e  p r o d u c e d  in  th e  actu a l e n c o u n te r  
o f  th e  a n ta g o n is t  and  d e c a y  fu n g i i n  s i t u ,  a s th e  c e llu la r  c o m p o n e n ts  a t th e  a n ta g o n is t ic  
b in d in g  s i t e  m a y  n o t  b e  c o m p le t e  o n  t h e  c e l l  w a l l  m a te r ia l .  H o w e v e r ,  d u e  to  th e  
v a r ia t io n s  th a t h a v e  b e e n  o b s e r v e d  w ith  th e  l e v e l  o f  e n z y m e  p r o d u c t io n  w ith  d if fe r e n t  
b a s id io m y c e te  c e l l  w a ll  m a te r ia l, a n d  b e c a u s e  th e  c e l l  w a l ls  w e r e  n o t  tr e a te d  w ith  a n y  
p r o t e a s e s  d u r in g  e x t r a c t io n ,  i t  i s  p o s s i b l e  th a t  th e r e  i s  s o m e  tr a c e  o f  g ly c o p r o t e in  
m ater ia l that th e  a n ta g o n ists  c a n  r e c o g n is e , w h ic h  m a y  e x p la in  th e  v a r ia tio n  in  th e  le v e ls  
o f  e n z y m e  p ro d u ctio n .
B o t h  th e  p r o d u c t io n  o f  la m in a r in a s e  a n d  c h i t in a s e  in  th e  L N M  a s  m e a s u r e d  b y  th e  
m ic r o a ssa y  s h o w e d  s im ila r  le v e ls  o f  e n z y m e  a c tiv ity  a s s e e n  w ith  th e  m a c r o a ssa y . S tu d y  
o f  th e  r e s u lt s  o b ta in e d  i n  L N M  an d  a n a ly s is  o f  v a r ia n c e  o f  th e  e n z y m e  l e v e l s  in  th is  
m e d ia  (ta b le  3 .3 .3 .3  ( c ) )  s h o w  th at, th e  p r o d u c t io n  o f  la m in a r in a se  an d  c h it in a s e  v a r ie s  
d e p e n d in g  o n  th e  T r i c h o d e r m a  s p e c ie s .  H o w e v e r , i t  i s  o f  m o r e  in te r e s t  to  a n a ly s e  th e  
e n z y m e  r e s u lt s  o b ta in e d  in  L N M  w ith  c e l l  w a l l  m a te r ia l . I t  w a s  f o u n d  th a t  in  L N M  
c o n ta in in g  g lu c o s e  a n d  c e l l  w a ll  m a te r ia l  th e  a m o u n t  o f  la m in a r in a s e  p r o d u c e d  w a s  
l o w e r  th a n  s e e n  in  th e  L N M  a lo n e ,  h o w e v e r  th e  c h i t in a s e  p r o d u c t io n  w a s  s l i g h t l y  
h ig h e r . I t  is  e v id e n t  fr o m  th e  r e su lts  th a t in  th e  p r e s e n c e  o f  b o th  th e  c e l l  w a l l  m a te r ia l  
a n d  g lu c o s e  la m in a r in a s e  p r o d u c t io n  b y  T r i c h o d e r m a  sp p . r e m a in s  r e p r e s s e d  d u e  to  
c a t a b o l i t e  r e p r e s s io n  b y  th e  g lu c o s e .  A n a ly s i s  o f  v a r ia n c e  t e s t in g  s h o w e d  th a t  b o th  
e n z y m e s  w e r e  d e p e n d e n t  o n  th e  ty p e  o f  c e l l  w a l l  m a ter ia l a d d e d  in  th e  m e d ia , b u t  o n ly  
th e  l e v e l s  o f  c h i t in a s e  e n z y m e  s h o w e d  a  c o r r e la t io n  w h ic h  w a s  d e p e n d e n t  o n  th e  
T r i c h o d e r m a  sp e c ie s  te sted .
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C o n s id e r in g  o n ly  th e  re su lts  o f  la m in a r in a se  in  th e  th ree  m e d ia , i t  w o u ld  ap pear th a t th e  
l e v e l s  o f  th e  e n z y m e  w e r e  r e p r e s se d  d u e  to  th e  p r e s e n c e  o f  g lu c o s e  in  th e  m e d ia  (e n d  
p ro d u c t in h ib it io n  or  c a ta b o lite  r e p r e ss io n ) a s  th e  b r e a k d o w n  p r o d u c t o f  la m in a r in a se  in  
th e  c e l l  w a ll  i s  g lu c o s e  and  e x c e s s  g lu c o s e  in  th e  m e d ia  w i l l  a f fe c t  th e  p r o d u c t io n  o f  th e  
e n z y m e . S u c h  c a ta b o lite  r e p r e ss io n  e f fe c t s  h a v e  b e e n  o b se r v e d  b y  T iu n o v a  e t  a l .  ( 1 9 8 3 )  
w ith  b o th  la m in a r in a s e  a n d  c h it in a s e  w ith  T . v i r i d e .  I t  i s  a ls o  k n o w n  th a t c e l lu la s e s  o f  
T . r e e s e i  are su b jec t to  a  n u m b er  o f  b io c h e m ic a l an d  g e n e t ic  c o n tr o ls  an d  o n e  o f  th e  m o s t  
im p o r ta n t  o f  t h e s e  i s  e n d  p r o d u c t  in h ib i t io n .  T h e  r e s u lt s  p r e s e n t e d  h e r e  s h o w  s u c h  
c a ta b o lite  r e p r e s s io n  o f  la m in a r in a se  in  th e  L N M  +  c e l l  w a ll  m a te r ia l w ith  th e  g lu c o s e  
co m p a red  to  L N M  w ith  o n ly  c e l l  w a ll  m a ter ia l and  n o  g lu c o s e . T h e  c o m p le te  r e p r e ss io n  
b y  g lu c o s e  o f  la m in a r in a se  p r o d u c t io n  in  s o m e  is o la t e s  a c c o u n ts  fo r  th e  in s ig n i f ic a n t  
v a r ia b ility  b e tw e e n  s p e c ie s  su b g ro u p s re c o r d e d  in  th e  L N M  c o n ta in in g  c e l l  w a l ls  ( ta b le
3 .3 .3 .4  (c )) .
C h it in a se  p ro d u ctio n  u n lik e  th at o f  la m in a r in a se  s h o w s  le s s  r e p r e ss io n  in  th e  p r e s e n c e  o f  
g lu c o s e .  T h e  r e a s o n  fo r  a  l e s s e r  in h ib ito r y  e f f e c t  o f  g lu c o s e  c o u ld  b e  a ttr ib u ted  to  th e  
fa c t  th a t th e  b r e a k d o w n  p r o d u c t  o f  c h it in  i s  n - a c e t y lg lu c o s a m in e ,  a n d  th e r e fo r e  th e r e  
w il l  b e  n o  e n d  p ro d u c t in h ib it io n  in v o lv e d . H o w e v e r  th e  l e v e l s  o f  c h it in a se  p r o d u c e d  in  
th e  m e d iu m  c o n ta in in g  c e l l  w a l ls  b u t  n o  g lu c o s e  are h ig h e r  th a n  th a t  p r o d u c e d  w h e n  
g lu c o s e  and  c e l l  w a lls  are b o th  p r e se n t, b e c a u s e  in  th e  la tter  m e d ia  g lu c o s e  i s  a v a ila b le  
a s  a  r e a d ily  u t i l is a b le  c a r b o n  so u r c e  an d  th e r e fo r e  th e  o r g a n is m s  s p e n d  le s s  e n e r g y  in  
u t i l i s in g  th e  c e l l  w a l l  m a te r ia l .  S u c h  e f f e c t s  o f  r e p r e s s io n  a n d  in d u c t io n  h a v e  b e e n  
s t u d ie d  b y  U lh o a  a n d  P e b e r d y  ( 1 9 9 1 )  w i t h  c h i t in a s e  s y n t h e s i s  in  T . h a r z i a n u m .  
C h itin a se  w a s  fo u n d  to  b e  in d u c e d  o n  c h it in -c o n ta in in g  m e d ia , b u t r e p r e sse d  b y  g lu c o s e  
an d  n -a c e ty lg lu c o sa m in e .
T h e  re su lts  c le a r ly  s h o w  th a t th e  a d d it io n  o f  th e  b a s id io m y c e te  c e l l  w a ll  m a ter ia l to  th e  
m e d ia  i s  v e r y  im p o r ta n t  in  d e te r m in in g  th e  l e v e l  o f  e n z y m e  p r o d u c t io n . T h o u g h  th e  
le v e ls  o f  p ro d u ctio n  o f  b o th  e n z y m e s  s e e m  to  b e  grea ter  in  th e  p r e se n c e  o f  th e  b r o w n  rot  
c e l l  w a ll m ater ia l th an  th at o f  w h ite  rot. T h is  e f f e c t  w a s  n o t a s  e v id e n t  w h e n  th e  g lu c o s e  
w a s  r e m o v e d  fro m  th e  m e d iu m . It h a s  b e e n  d isc u s se d  in  th e  ea r lier  ch ap ters th at " hyphal 
s h e a t h s ” o f  b a s id io m y c e t e s  m a y  p la y  a  p r o t e c t iv e  r o le  i n  t h e s e  f u n g i .  T h e  ta r g e t
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s p e c if ic ity  a g a in st b r o w n  ro t  fu n g i m a y  th ere fo re  b e  re la ted  to  th e  la c k  o f  a b ility  o f  th e s e  
fu n g i to  p r o d u c e  s u c h  h y p h a l sh e a th s  a s  e f f ic ie n t ly  as th e  w h it e  r o t  fu n g i. It i s  p o s s ib le  
th a t in  L N M  an d  L N M  w ith  g lu c o s e  a n d  c e l l  w a ll  m a ter ia l th ere  is  a  m o re  e v id e n t  ta rg et  
s p e c i f i c i t y .  T h e  b r o w n  r o t  f u n g i  in d u c e  h ig h e r  l e v e l s  o f  e n z y m e s  th a n  th e  w h it e  r o t  
fu n g i, an d  th is  m a y  b e  d u e  to  th e  a b ility  o f  th e  la tter  to  p r o d u c e  a  h y p h a l sh e a th  th a t i s  
m o r e  e f f e c t iv e  in  th e  p r e s e n c e  o f  g lu c o s e ,  w h ic h  i s  l o s t  in  L N M  w ith  o n ly  c e l l  w a l l  
m a te r ia l. H o w e v e r  th e r e  w a s  a  c e r ta in  d e g r e e  o f  ta r g e t  s p e c i f i c i t y  i n  te r m s  o f  h ig h e r  
l e v e l s  o f  e n z y m e  p r o d u c t io n  a g a in s t  c e r ta in  b r o w n  a n d  w h i t e  r o t  f u n g a l  c e l l  w a l l  
m a te r ia ls . In  b o th  m e d ia  c o n ta in in g  c e l l  w a l l s  la m in a r in a s e  p r o d u c t io n  w a s  h ig h e s t  
a g a in s t  c e l l  w a lls  o f  N.lepideus a m o n g  th e  b r o w n  ro t fu n g i a n d  c e l l  w a l ls  T.versicolor 
a m o n g  th e  w h it e  ro t  fu n g i .  It c o u ld  b e  s p e c u la te d  fr o m  th is  th a t  a n ta g o n is m  v ia  ly t i c  
e n z y m e s  m a y  b e  a  m o r e  im p o r ta n t a n ta g o n is t ic  m e c h a n is m  w it h  r e s p e c t  to  th e s e  tw o  
b a s id io m y c e t e s  th a n  o th e r s . H o w e v e r ,  th o u g h  c h it in a s e  s h o w e d  th e  h ig h e s t  l e v e l  o f  
p ro d u c tio n  w ith  c e l l  w a ll  m ater ia l o f  P.placenta a m o n g  th e  b r o w n  ro ts  in  th e  a b s e n c e  o f  
g lu c o s e  th e  c e l l  w a l l  m a te r ia l o f  P.brevispora a n d  T.versicolor in d u c e d  th e  h ig h e s t  
p r o d u c t io n  a m o n g  t h e  w h i t e  r o t  f u n g i .  T h is  l a c k  o f  c o r r e la t io n  i n  t h e  d e g r e e  o f  
la m in a r in a s e  a n d  c h it in a s e  p r o d u c t io n  a g a in s t  s p e c i f i c  b a s id io m y c e t e  c e l l  w a l l  t y p e s  
s u g g e s ts  th at th e  tw o  e n z y m e s  are n o t  e q u a lly  im p o r ta n t in  th e  ly t ic  a c t iv ity  a g a in s t  th e  
sa m e  fu n g i.
T h is  s p e c if ic i t y  o f  a c t io n  o f  ly t ic  e n z y m e s  i s  su p p o r te d  b y  th e  w o r k  o f  S iv a n  an d  C h e t
( 1 9 8 6 )  w h o  s h o w e d  th a t  a  T.harzianum i s o la t e  th a t  f a i l e d  to  p a r a s i t i s e  c o l o n i e s  o f  
Fusarium oxysporum a ls o  f a i le d  to  p r o d u c e  n o t ic e a b le  l e v e l s  o f  la m in a r in a s e  a n d  
c h it in a se  w h e n  c e l l  w a ll  m ateria l o f  F. oxysporum w a s  a d d ed  to  th e  m ed ia . H o w e v e r , th e  
s a m e  a n ta g o n is t  p r o d u c e d  h ig h e r  l e v e l s  o f  e n z y m e s  in  th e  p r e s e n c e  o f  th e  c e l l  w a l l  
m a te r ia l o f  Rhizoctonia solani a g a in s t  w h ic h  i t  w a s  s t r o n g ly  m y c o p a r a s it ic .  S o  i t  i s  
o b v io u s  that Trichoderma iso la te s  e x h ib it  target s p e c if ic ity  a g a in s t  th e  p a th o g e n s .
T h e  Trichoderma s p e c ie s  th a t s h o w e d  th e  h ig h e s t  l e v e l  o f  la m in a r in a se  p r o d u c t io n  in  
th e  p r e se n c e  o f  b a s id io m y c e te  c e ll  w a lls  w a s  T.pseudokoningii h o w e v e r  T.viride i s o la te  
g a v e  h ig h e r  c h it in a s e  p r o d u c t io n . It i s  o f  in te r e s t  to  n o te  th a t  b o th  t h e s e  s p e c ie s  w e r e  
fo u n d  to  b e  th e  b e s t  in h ib ito r s  o f  b o th  b r o w n  a n d  w h i t e  r o t  f u n g i  in  th e  in t e r a c t io n
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s tu d ie s  (C h a p te r  2 ) .  In  s tu d ie s  ca rr ied  o u t  b y  D e n n is  an d  W e b s te r  (1 9 7 1  c )  o n  h y p h a l  
in t e r a c t io n s  o f  m a n y  Trichoderma s p e c i e s  w it h  p la n t  p a t h o g e n ic  f u n g i ,  th e  a b o v e  
m e n t io n e d  tw o  s p e c ie s  w e r e  fo u n d  to  b e  th e  s p e c ie s  w h ic h  s h o w e d  m a x im u m  c o i l in g  
aro u n d  p a th o g e n s . R e s u lt s  in  m e d iu m  c o n ta in in g  g lu c o s e  as w e l l  as c e l l  w a ll  m a ter ia l 
in d ic a te  h o w e v e r  th a t T.aureoviride p r o d u c e s  th e  h ig h e s t  l e v e l s  o f  b o th  la m in a r in a s e  
an d  ch it in a se . T h is  p a rticu la r  sp e c ie s  w a s  in c lu d e d  in  th e  te s t  a s  o n e  o f  th e  c o n tr o ls  a s  it  
d id  n o t in h ib it  e ith e r  b r o w n  rot or w h ite  ro t fu n g i in  th e  L N M  d u rin g  in te r a c tio n  s tu d ie s . 
A n d  th e  h ig h  l e v e ls  o f  e n z y m e  se e n  p ro b a b ly  rep resen t th e  c o n s t itu t iv e  le v e ls  o f  e n z y m e  
in v o lv e d  in  c e l l  g r o w th  an d  a u to ly s is , a s th e  c e l l  w a ll  o f  Trichoderma are a lso  m a d e  u p  
o f  g l u c a n  a n d  c h i t i n .  L e v e l s  o f  t h e  e n z y m e s  p r o d u c e d  b y  t h i s  s p e c i e s  m a y  b e  
e x a g g e r a te d  c o m p a r e d  to  o th e r  is o la t e s  w h e r e  th e y  a re  c a r b o h y d r a te  r e p r e s se d , w h i le  
T.aureoviride s h o w s  no  a c t iv e  rep ress io n .
E n z y m ic  a c t iv ity  o f  g lu c o s a m in id a s e  an d  g a la c to s a m in id a s e , th e  tw o  e n z y m e s  th a t are  
in v o lv e d  in  th e  fu rth er  d ig e s t io n  o f  th e  c e l l  w a ll  m a ter ia ls  w e r e  fo u n d  to  b e  p r o d u c e d  at 
v e r y  l o w  l e v e l s .  A l s o  t h e  a m o u n t  p r o d u c e d  w e r e  e x t r e m e ly  v a r ia b le  b e t w e e n  th e  
Trichoderma i s o la t e s  a n d  in  th e  p r e s e n c e  o f  d if f e r e n t  c e l l  w a l l  m a te r ia ls .  H o w e v e r  
T.pseudokoningii sp p . a g a in  s e e m  to  s h o w  h ig h e r  le v e l s  o f  e n z y m e  p r o d u c t io n  a s  w ith  
la m in a r in a s e  a n d  c h it in a s e .  T h e s e  tw o  e n z y m e s  w e r e  h o w e v e r  o n ly  p r o d u c e d  in  th e  
m e d iu m  c o n ta in in g  c e l l  w a l ls  b u t n o  g lu c o s e  a n d  w e r e  u n d e te c ta b le  in  th e  o th e r  tw o  
m ed ia . T h is  in d ic a te s  th at p erh ap s th e s e  are m o re  s p e c ia l is e d  e n z y m e s  p r o d u c e d  o n ly  in  
th e  p r e s e n c e  o f  th e  c e l l  w a l l  m a te r ia l o r  a re  s u b je c t  to  to ta l  c a ta b o l i t e  r e p r e s s io n  b y  
g lu c o s e .  F r o m  th e  r e s u lt s  i t  w a s  a ls o  n o te d  th a t  b a s id io m y c e t e  c e l l  w a l l  m a te r ia l  o f  
G.trabeum s h o w e d  t h e  h i g h e s t  l e v e l  o f  p r o d u c t io n  o f  t h e s e  e n z y m e s .  I t  c a n  b e  
s p e c u la te d  fr o m  th is  th a t t h e s e  e n z y m e s  m a y  o n ly  b e  in v o lv e d  in  b r e a k d o w n  o f  s o m e  
c e l l  w a l ls  th a t h a v e  v a r ia b le  p e r m u ta t io n s  o f  th e  g lu c a n  a n d  c h it in  su g a r s  in  th e  w a ll  
e s p e c ia l ly ,  a s th e  in d u c t io n  o f  th e se  e n z y m e s  d id  n o t  c o r r e la te  w e l l  w ith  la m in a r in a s e  
and  ch itin a se .
In  a ll  th e  e x p e r im e n ts  c a r r ie d  o u t  h e r e  a n d  b y  o th e r  a u th o r s  e n z y m e  in d u c t io n  w a s  
a c h ie v e d  o n ly  in  th e  p r e s e n c e  o f  c ru d e  c e l l  w a ll  p r e p a r a tio n s  o f  th e  ta r g e t  p a th o g e n s .  
H o w e v e r , i f  th e  w h o le  p r o c e s s  o f  m y c o p a r a s it is m  is  to  o c c u r  an d  th e  l e v e l s  o f  b o th  th e
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ly t ic  e n z y m e s  l ik e ly  to  b e  p ro d u ced  i n  v i v o  i s  to  b e  m ea su red , m ix e d  d u a l cu ltu res  o f  th e  
a n ta g o n is t  a n d  th e  p a th o g e n  n e e d  to  b e  s e t  u p . D u a l  c u ltu r e  s y s t e m s  w e r e  s e t  u p  b y  
F re ita g  a n d  M o rre ll ( 1 9 9 2 )  w ith  TVv e r s i c o l o r  an d  T . h a r z i a n u n t ,  b u t th e s e  a u th o rs  o n ly  
m e a su r e d  c e l lu la s e ,  c e l lo b io s e ,  la c c a s e  an d  p e r o x id a s e  a c t iv ity  in  th e s e  c u ltu r e s . S u c h  
d u a l c u ltu r e s  c o u ld  b e  s e t  u p  h o w e v e r  fo r  m e a s u r e m e n t  o f  la m in a r in a se  a n d  c h it in a s e .  
A s  c h e m o tr o p h ism  an d  r e c o g n it io n  o f  th e  p a th o g e n  are im p o r ta n t s ta g e s  in  th e  p r o c e s s  
o f  m y c o p a r a s i t i s m  a n d  a r e  a c h i e v e d  d u e  t o  d e t e c t i o n  o f  c h e m i c a l s  o r  c e r t a in  
g ly c o p r o t e in s  o r  l e c t in s  a s  d is c u s s e d  e a r l ie r ,  i t  i s  m o r e  im p o r ta n t  to  h a v e  th e  l i v e  
p a th o g e n  in  th e  g r o w th  m e d iu m  w ith  th e  a n ta g o n is t  th a n  ju s t  th e  c e l l  w a ll  p rep a ra tio n s . 
H o w e v e r  i f  th e  c e l l  w a ll ex tra c tio n  p r o ced u re  h a s  n o t  u n d e r g o n e  an y  p r o te a se  trea tm en t  
o r  a n y  s u c h  p r o t e in  r e m o v a l  s t e p  t h e  c e l l  w a l l  m a t e r ia l  s h o u ld  s t i l l  r e t a in  s o m e  
p r o t e i n a c e o u s  m a t e r ia l  t h a t  m a y  p l a y  a  r o l e  i n  t h e  r e c o g n i t i o n  p r o c e s s  b y  t h e  
a n ta g o n is ts .
S iv a n  a n d  C h e t  ( 1 9 8 6 )  in  th e ir  s tu d y  o n  in d u c ib i l i t y  o f  l y t i c  e n z y m e s  b y  c e l l  w a l l  
p rep a ra tio n s  o f  s o m e  p la n t p a th o g e n ic  fu n g i ,  a ls o  o b s e r v e d  th a t tr ea tm en ts  o f  c e l l  w a ll  
w it h  2 N  N a O H , p r o te a s e  o r  tr y p s in  p r io r  to  th e ir  in c u b a t io n  w it h  l y t i c  e n z y m e s  o f  
T . h a r z i a n u m  s ig n if ic a n t ly  in c r e a s e d  th e  r e le a s e  o f  g lu c o s e  a n d  n - a c e t y lg lu c o s a m in e .  
T h e s e  r e s u lt s  s u g g e s t  th a t  p r o te in s  in  c e l l  w a l l s  o f  F . o x y s p o r u t n  m a y  in c r e a s e  th e ir  
r e s is ta n c e  to  d eg ra d a tio n  b y  ex tra ce llu lla r  e n z y m e s  fr o m  T . h a r z i a n u m .  T h o u g h  r e m o v a l  
o f  th e s e  p r o te in s  in c r e a se s  th e  s u s c e p t ib i l i ty  o f  th e  c e l l  w a ll  to  th e  ly t ic  e n z y m e s ,  th e s e  
s a m e  p r o te in s  m a y  b e  r e sp o n s ib le  fo r  th e  r e c o g n it io n  s ta g e  b e tw e e n  th e  a n ta g o n is t  an d  
p a th o g e n . S in c e  th e  c e l l  w a l l  p re p a r a tio n s  u s e d  in  th is  s tu d y  m a y  a lr e a d y  b e  p a r t ia lly  
d e g r a d e d  d u e  to  g r in d in g  an d  s o n ic a t io n  in v o lv e d  in  th e  p r e p a r a t io n  s t a g e ,  th is  m a y  
a lrea d y  h a v e  e n h a n c e d  th e ir  su sc e p t ib ility  to  ly t ic  d eg ra d a tio n . It i s  p o s s ib le  th a t d u r in g  
a c t iv e  m y c o p a r a s it is m  in  n a tu re  s m a ll  p r o te o ly t ic  e n z y m e s  m a y  b e  p r o d u c e d  to  s ta r t  
b r e a k d o w n  an d  o n c e  th e  w a ll h as b e e n  w e a k e n e d  a fter  r e m o v a l o f  s o m e  p r o te in s , h ig h e r  
l e v e l s  o f  ly t ic  e n z y m e s  are p ro d u c e d . E la d  e t a l .  ( 1 9 8 2 )  in  th e ir  s tu d y  o f  l y t i c  e n z y m e  
in d u c ib il i ty  b y  p la n t p a th o g e n ic  c e l l  w a ll  m a ter ia l d e te c te d  p r o te a se  an d  l ip a s e  a c t iv ity  
in  th e  m e d iu m  w h e n  a n ta g o n is ts  a tta ck ed  th e  m y c e liu m  o f  p a th o g e n s . I t  is  a lso  p o s s ib le  
th a t  th e  r e c o g n it io n  p r o c e s s  th at h a s  b e e n  s a id  to  in v o lv e  l e c t in s  o f  th e  p a th o g e n  a n d  
su g a r  r e s id u e s  o n  th e  a n ta g o n is t , c o u ld  b e  a c t iv e  in  th is  e x p e r im e n t  to  e n a b le  s p e c i f i c
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r e c o g n it io n  o f  w o o d  d e c a y  fu n g i, b y  th e  T r i c h o d e r m a  s p e c ie s .  T h e  r e su lts  in d ic a te  th at  
s o m e  fo rm  o f  r e c o g n it io n  i s  in v o lv e d  o r  th ere  w o u ld  n o t b e  a n y  v a r ia tio n  in  th e  l e v e l  o f  
l y t i c  e n z y m e s  p r o d u c e d  w ith  c e l l  w a l l  m a te r ia l o f  d if fe r e n t  w o o d  d e c a y  f u n g i ,  a s s e e n  
w ith  th e  re su lts  p re sen ted  h ere . T h is  p h e n o m e n o n  m a y  a lso  a c c o u n t fo r  th e  lo w  le v e ls  o f  
ly t i c  e n z y m e  p r o d u c tio n  in  th e  p r e se n c e  o f  la m in a r in  and  c h it in  a lo n e  in  th e  m e d iu m  as  
o b s e r v e d  b y  S i v a n  a n d  C h e t  ( 1 9 8 6 )  a n d  E la d  e t  a l .  ( 1 9 8 2 ) ,  w h o  f o u n d  e n z y m e  
p r o d u c t io n  w a s  a lm o s t  te n  t im e s  h ig h e r  in  th e  p r e s e n c e  o f  th e  c e l l  w a ll  m a te r ia l o f  th e  
p a th o g e n ic  fu n g i  th e r e b y  in d ic a t in g  th a t th e  m is s in g  p r o te in  o r  s p e c i f ic  s u g a r  l in k s  o n  
th e  la m in a r in  an d  ch itin  m u st b e  r e sp o n s ib le  fo r  th e  h ig h er  in d u c t io n  o f  th e  e n z y m e s .
T h e  r e su lts  o f  th is  s tu d y  s h o w  th a t T r i c h o d e r m a  s p e c ie s  h a v e  th e  e n z y m ic  p o te n t ia l  to  
e x h ib i t  m y c o p a r a s i t i s m  a g a in s t  w o o d  d e c a y  f u n g i ,  j u d g in g  f r o m  t h e  l e v e l s  o f  l y t i c  
e n z y m e s  p r o d u c e d  a n d  t h e  i n d u c i b i l i t y  b y  c e l l  w a l l  p r e p a r a t i o n s  o f  t h e s e  
b a s id io m y c e t e s .  H o w e v e r ,  th is  m e c h a n is m  o f  a n ta g o n is m  i s  n o t  n e c e s s a r i ly  th e  s o l e  
m e c h a n is m  in v o lv e d  i n  th e  k i l l in g  o f  th e  b a s id io m y c e t e s .  I n  th e  h y p h a l in t e r a c t io n  
s tu d ie s  o f  M u r m a n is  e t  a l .  ( 1 9 8 8  b )  b e t w e e n  T . h a r z i a n u m  a n d  T . p o l y s p o r i u m  w ith  
w o o d  d e c a y  f u n g i ,  th e y  o b s e r v e d  th a t  i n  th e  s c a n n in g  e le c t r o n  m ic r o s c o p y  o f  t h e  
in te r a c tio n s  o f  th e s e  fu n g i, e v e n  h y p h a e  o f  b a s id io m y c e te s  s o m e  d is ta n c e  a w a y  fr o m  th e  
a n t a g o n is t s  a ls o  s h o w e d  d e n a tu r a t io n  o f  c y t o p la s m ic  m a te r ia l .  T h e s e  a u th o r s  h a d  
a lr e a d y  te s t e d  fo r  s o lu b le  m e ta b o lite  p r o d u c t io n  b y  th e s e  o r g a n is m s  an d  h a d  fa i le d  to  
s h o w  a n y  s u c h  p r o d u c t io n , b u t  s p e c u la te d  th a t  s u c h  d e n a tu r a t io n  o f  f u n g a l  c e l l  w a ll  
a w a y  fr o m  th e  in te r a c tio n  s ite  m a y  b e  d u e  to  p r o d u c t io n  o f  in h ib ito r y  v o la t i le s  th a t  c a n  
d if f u s e  fu r th er , a n d  p r o d u c e  e f f e c t s  a w a y  fr o m  th e  s it e  o f  in te r a c t io n . T h e r e fo r e  it  i s  
p o s s i b l e  th a t  v o l a t i l e s  a n d  in  o th e r  c a s e s  s o l u b l e  m e t a b o l i t e s  m a y  p r e d i s p o s e  t h e  
p a th o g e n  to  further attack  w ith  ly t ic  e n z y m e s .
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3 .4 .1  I n tr o d u c t io n
Ir o n  i s  a n  in d is p e n s a b le  n u tr ien t fo r  a lm o s t  a ll l iv in g  c e l ls .  I t  p la y s  an  e s s e n t ia l  r o le  in  
r e sp ir a t io n , n itr o g e n  f ix a t io n , D N A  a n d  c h lo r o p h y ll  b io s y n th e s is  a n d  o th e r  im p o r ta n t  
e n z y m a t ic  s y s t e m s  ( N e i la n d s ,  1 9 8 1  a ) . A l t h o u g h  ir o n  i s  o n e  o f  t h e  m o s t  c o m m o n  
e l e m e n t s  o n  E a r th , i t s  a v a i la b i l i t y  to  l i v i n g  o r g a n is m s  i s  e x t r e m e ly  l o w  d u e  to  i t s  
in s o lu b i l i t y .  U n d e r  a e r o b ic  c o n d it io n s  ir o n  i s  r e a d i ly  c o n v e r te d  in to  i t s  fe r r ic  fo r m ,  
w h i c h  e x h i b i t s  e x c e e d i n g l y  h ig h  a f f i n i t y  f o r  h y d r o x i d e  i o n s  to  f o r m  i n s o l u b l e  
p o ly h y d r o x id e  p o ly m e r s . T h e  so lu b ility  p ro d u c t c o n sta n t o f  ferr ic  h y d r o x id e  i s  1 0 " ^  M , 
an d  a t b io lo g ic a l  p H  b e c o m e s  1 0 “^  M  w h ic h  l im it s  th e  c o n c e n tr a t io n  o f  fr e e  ferr ic  io n  
to  a  v a lu e  to o  lo w  to  su s ta in  g r o w th . T h e r e fo r e , d u r in g  th e  c o u r s e  o f  e v o lu t io n ,  m ic r o ­
o r g a n ism s , p lan ts  and  a n im a ls  h a v e  d e v e lo p e d  e f f ic ie n t  se q u e ste r in g  m e c h a n ism s  fo r  th e  
ferr ic  io n  to  en su re  it s  u t ilisa t io n  (N e ila n d s , 1 9 8 1  a).
T o  c o p e  w ith  e x tr e m e  ir o n  d e f ic ie n c y ,  m ic r o -o r g a n is m s  h a v e  d e v e lo p e d  h ig h - a f f in it y  
s y s t e m s  fo r  fe r r ic  tr a n sp o r t  w h ic h  c o n s i s t s  o f  t w o  c o m p o n e n t s :  a )  t h e  s e c r e t io n  o f  
s id e r o p h o r e s  (G r. =  " iron  b ea rers" ), i . e . ,  ir o n -r e g u la te d , lo w - m o le c u la r  w e ig h t  fe r r ic -  
s p e c i f ic  c h e la to r s , an d  b )  th e  e la b o r a t io n  o f  m e m b r a n e  r e c e p to r  m o le c u le s  w h ic h  b in d  
th e  s id e r o p h o r e s  an d  tra n sp o r t  th e m  in to  th e  c e l l .  E f f i c ie n t  n o n - s id e r o p h o r e  s y s t e m s  
m a y  a ls o  e x is t  in  m ic r o -o r g a n ism s  (W e in b e r g , 1 9 8 9 )  an d  lo w - a f f in i t y  s y s t e m s  o p e r a te  
u n d e r  i r o n - s u f f i c i e n t  c o n d i t io n s  ( M a n u l i s  e t  a l . ,  1 9 8 7  a; N e i l a n d s ,  1 9 8 1  a ) .  T h e  
s id e r o p h o r e  s y s t e m  i s  w id e ly  d is tr ib u te d  in  th e  m ic r o b ia l  w o r ld ,  m a in ly  a m o n g  th e  
a e r o b ic  a n d  f a c u l t a t iv e  a n a e r o b ic  o r g a n is m s .  T h e  m o le c u la r  w e i g h t  o f  t h e  f e r r ic  
c o m p le x  o f  th e  u s u a l s id e r o p h o r e  l i e s  in  th e  r a n g e  o f  5 0 0  to  1 5 0 0  d a lto n s . A lth o u g h  
c o n s i d e r a b l e  s t r u c tu r a l  v a r ia t io n  e x i s t s  a m o n g  t h e  s e v e r a l  d o z e n  c h a r a c t e r i s e d  
s id e r o p h o r e s  (N e ila n d s , 1 9 8 1  a ), th e  m a jo r ity  c a n  b e  d iv id e d  in to  tw o  m a in  c la s s e s ,  th e  
h y d r o x a m a te s  an d  th e  c a te c h o la te s  (p h e n o la te s )  (H id e r , 1 9 8 4 ) .  B a c te r ia  are  k n o w n  to
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p r o d u c e  b o th  ca te c h o la te  and  h y d ro x a m a te  ty p e  s id ero p h o res  (L an k ford , 1 9 7 3 )  an d  u n til 
r e la t iv e ly  r e c e n t ly  f u n g i  w e r e  th o u g h t  to  p r o d u c e  o n ly  h y d r o x a m a t e  s id e r o p h o r e s  
(N e ila n d s , 1 9 8 4  a ), h o w e v e r , p ro d u ctio n  o f  p h e n o la te  ty p e  s id ero p h o res  h a s  b e e n  s e e n  in  
fu n g i w ith in  th e  w o o d  d e c a y  b a s id io m y c e te s  (J e ll is o n  e t  a h ,  1 9 9 0 ) .
T h e  h y d r o x a m ic  a c id  s id e r o p h o r e s  a n d  c a te c h o ls  c o n ta in , r e s p e c t iv e ly  o n e  a n d  th r e e  
r e s id u e s  p e r  m o le  o f  th e  c h e m ic a l  g r o u p in g s  -C O - N ( O H ) -  o r  C ^ H g C O H ^ C O -. T h e  
p r o to ty p ic a l  e x a m p le  o f  th e  h y d r o x a m a te  c la s s  i s  fe r r ic h r o m e , a  c y c l i c  h e x a p e p t id e  
c o n s is t in g  o f  a  tr ip ep tid e  o f  g ly c in e , a  tr ip ep tid e  o f  N ^ -a c e ty l-N ^ -h y d r o x y o r n ith in e , and  
o n e  f e r r ic  io n .  V ir t u a l ly  a l l  fu n g i  s y n t h e s i s e  m e m b e r s  o f  th e  f e r r ic h r o m e  c l a s s  o f  
s id e r o p h o r e s , w h ic h  are e f f ic ie n t ly  u t i l i s e d  b y  b a c te r ia  v ia  s p e c i f i c  r e c e p to r  s y s t e m s .  
T h e  m o s t  c o m m o n  c a t e c h o l - t y p e  s id e r o p h o r e  i s  e n t e r o b a c t in ,  t h e  p r o d u c t  o f  th e  
c o m m o n  e n t e r i c  b a c t e r i a  E s c h e r i c h i a  c o l i  a n d  r e l a t e d  b a c t e r i a .  T h e  
h y d r o x a m a te /c a te c h o l c la s s if ic a t io n  h a s  h o w e v e r  b e e n  fo u n d  to  b e  to o  r e s tr ic t iv e , s in c e  
c e r ta in  la ter  d is c o v e r e d  s id e r o p h o r e  ty p e s  c o u ld  n o t  b e  a s s ig n e d  to  e ith e r  o f  t h e s e  tw o  
g r o u p s  (S m ith  e t a l . ,  1 9 8 5 )  e g . ,  a  n o v e l  c o m p le x o n  t y p e  s id e r o p h o r e  ( r h iz o f e r r in )  
r e p o r te d  w id e ly  in  th e  M u c o r a le s  (W in k e lm a n n , 1 9 9 2 ) .  A n y  ty p ic a l  s id e r o p h o r e  h a s  a
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b in d in g  co n sta n t fo r  ferr ic  io n  o f  a b o u t 1 0  u  M . C erta in  o th er  tr iv a le n t m e ta l io n s ,  su c h  
a s  g a ll iu m  an d  a lu m in iu m , are a lso  f ir m ly  b o u n d , a s  are s o m e  m e m b e r s  o f  th e  a c t in id e  
s e r ie s . B y  c o m p a r iso n , d iv a le n t  io n s  are o n ly  w e a k ly  c o m p le x e d  a n d  th is  a p p ea rs  to  b e  
th e  m e c h a n ism  w h e r e b y  th e  ir o n  is  r e le a s e d  in to  th e  in te r io r  o f  th e  c e l l  (W in k e lm a n n ,  
1 9 9 0 ) .
T h e  g e n e s  a n d  p e p t id e s  in v o lv e d  in  ir o n  tra n sp o r t s y s t e m s  o f  f u n g i  h a v e  n o t  y e t  b e e n  
e lu c id a te d , h o w e v e r  o n  th e  b a s is  o f  k in e t ic  s tu d ie s  a n d  s tr u c tu r e -a c tiv ity  r e la t io n s h ip s  
c o m b in e d  w i t h  c o m p e t i t i o n  e x p e r im e n t s ,  t h e  m e c h a n i s m s  a n d  s p e c i f i c i t y  o f  t h e  
s i d e r o p h o r e - m e d i a t e d  i r o n  t r a n s p o r t  s y s t e m s  i n  f u n g i  h a v e  b e e n  d e t e r m i n e d  
(W in k e lm a n n  and  H u sch k a , 1 9 8 7 ).
T h e  d iffe r e n t ty p e s  o f  h y d r o x a m a te  s id e r o p h o r e s  p r o d u c e d  b y  fu n g i  an d  th e ir  tran sp ort  
m e c h a n is m  in to  th e  c e l l  h a v e  b e e n  w e l l  d o c u m e n te d  (W in k e lm a n n , 1 9 9 0 ) ,  h o w e v e r  
l i t t le  is  k n o w n  o f  th e  p h e n o la te  or c a te c h o la te  ty p e  o f  s id e r o p h o r e s . A  m a in  stru ctu ra l
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e le m e n t  o f  a ll fu n g a l h y d r o x a m a te  ty p e  s id e r o p h o r e s  i s  th e  a m in o  a c id  o r in ith in e  w h ic h  
a fter  N -h y d r o x y la t io n  an d  N -a c y la t io n  g iv e s  a n  ir o n (III )  c o m p le x in g  h y d r o x a m ic  a c id  
b id e n ta te . T h r e e  m a in  h y d r o x a m a te  ty p e  fu n g a l s id e r o p h o r e  f a m i l i e s  are  r e c o g n is e d ,  
t h e y  are  fe r r ic h r o m e s , c y c l i c  t r ia c e t y lf u s a r in in e s  ( t r ia c e t y l f u s ig e n s )  a n d  c o p r o g e n s  
in c lu d in g  th e  d im eru m  a c id  an d  rh o d o to r u lic  a c id  su b g r o u p s . F e r r ic h r o m e s  r e p r e se n t  a  
g ro u p  o f  c y c l ic  p e p t id e  s id e r o p h o r e s  w ith  stru ctu ra l a lte r a tio n s  in  th e  p e p t id e  b a c k b o n e  
a n d /or  in  th e  h y d r o x a m ic  a c id  m o ie t ie s . S o m e  o f  th e  d e r iv a t iv e s  c a n  b e  l is te d  a s f o l lo w s  
- f e r r ic h r o m e ,  f e r r ic r o c in ,  f e r r ic h r o m e  C , f e r r ic h r y s in ,  t e t r a g ly c y l - f e r r i c h r o m e ,  
ferr ich ro m e A , ferrirub in  and  ferrirhod in . T h e  c y c l ic  tr ia c e ty lfu sa r in in e s  rep resen t c y c l ic  
tr ie s ter s  o f  fu sa r in in e  r e s id u e s  p o s s e s s in g  th ree  e s te r  b o n d s . T h e  c o p r o g e n s  r e p r e se n t  a  
gro u p  o f  lin ea r  tr ih y d ro x a m ic  s id ero p h o res  p o s s e s s in g  b o th  e s te r  an d  p e p tid e  b o n d s . T h e  
d im e r u m  a c id  i s  fo r m e d  a fter  c le a v a g e  o f  th e  e s te r  b o n d  in  c o p r o g e n . T h e  s tru ctu re  o f  
r h o d o to r u lic  a c id  i s  s im ila r  to  th a t o f  d im e r u m  a c id  b u t  th e  a n h y d r o m e v a lo n ic  a c id  is  
r e p la c e d  b y  a c e t ic  a c id . A  d e ta ile d  r e v ie w  o f  th e  d if fe r e n t  h y d r o x a m a te s  i s o la t e d  fr o m  
d iffe r e n t  fu n g i an d  c la s s i f ie d  o n  th e  b a s is  o f  th e  n u m b er  o f  fu n c t io n a l u n its  p r e se n t  th at  
b in d  th e  ferric  iro n  c a n  b e  fo u n d  in  W in k e lm a n n , (1 9 9 0 ) .
T h e  a v a ila b le  d a ta  o n  fu n g a l  (h y d r o x a m a te )  s id e r o p h o r e  tr a n sp o r t  in d ic a te  th a t  m o s t  
fu n g a l s id e r o p h o r e s  are tran sp orted  as a  w h o le  a c r o ss  th e  p la s m a  m e m b r a n e , d e liv e r in g  
ir o n  to  a c c e p to r s  in s id e  th e  c e l l  an d  o n ly  in  c e r ta in  fu n g a l  g e n e r a  d o  s id e r o p h o r e s  n o t  
p e n e t r a t e  th e  m e m b r a n e  b a r r ie r  b u t  r a th e r  d e l iv e r  th e ir  ir o n  t o  m e m b r a n e  b o u n d  
a c c e p to r s . T h e  la tter  m e c h a n is m  h a s  b e e n  te r m e d  ir o n  ta x i m o d e l .  T h e  ta x i m o d e l  w a s  
b a s e d  o n  tr a n sp o r t  s tu d ie s  w ith  R h o d o t o r u l a  p i l i m a n a e  u s in g  b o th  tr it iu m  a n d  r a d io  
la b e l le d  F e -r h o d o to r u lic  a c id  (C a rra n o  an d  R a y m o n d , 1 9 7 8 ) .  T h e  p io n e e r in g  w o r k  o f  
W in k e lm a n n , (1 9 9 0 )  h a s  id e n t if ie d  m a n y  im p o r ta n t a sp e c ts  o f  th e  tran sp ort m e c h a n ism  
a n d  s p e c i f i c i t y  o f  s id e r o p h o r e  u p ta k e . I t  w a s  f o u n d  th a t  i r r e s p e c t iv e  o f  th e  a c tu a l  
m e c h a n ism  in v o lv e d ,  s p e c if ic  r e c o g n it io n  o f  th e  a p p ro p r ia te  s id e r o p h o r e  b y  m e m b r a n e  
c o m p o n e n ts  i s  e s s e n t ia l  to  ir o n  transport. A n d  th is  s p e c if ic  r e c o g n it io n  is  d e p e n d e n t  o n  
th e  p e p t id e  s id e  c h a in s  a s  w e l l  a s  th e  r e s id u e s  s u r r o u n d in g  th e  m e ta l  c e n tr e  i n  th e  
s id e r o p h o r e . It h a s  a lso  b e e n  s h o w n  th at m em b ra n e  d e p o la r isa t io n  s ig n if ic a n t ly  a f fe c t s  
s id ero p h o re  u p ta k e  w h ic h  le d  to  th e  c o n c lu s io n  th a t th e  m em b r a n e  p o te n tia l m a y  b e  th e  
a c tu a l d r iv in g  fo r c e  fo r  s id e r o p h o r e  tr a n s lo c a t io n  a c r o s s  th e  fu n g a l p la s m a  m e m b r a n e
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(H u s c h k a  et al., 1 9 8 3 ) .  It h a s  a ls o  b e e n  n o te d  b y  th e s e  a u th o rs  th a t  in  m a n y  fu n g i  th e  
b io s y n th e s is  o f  a  p a r ticu la r  s id e r o p h o r e  i s  l in k e d  to  th e  r e c o g n it io n  o f  th a t  s id e r o p h o r e  
b y  recep to rs  o n  c e l l  m e m b r a n e  o f  th o s e  fu n g i. T h e r e fo r e  fu n g i h a v e  o n ly  b e e n  fo u n d  to  
h a v e  r e c e p to r  s i t e s  fo r  f u n g a l  s id e r o p h o r e s ,  h o w e v e r  f r e q u e n t ly  b a c t e r ia  p o s s e s s  
m u lt ip le  s id e r o p h o r e  r e c e p to r s , in c lu d in g  r e c e p to r s  fo r  fu n g a l s id e r o p h o r e s  (M u lle r  et 
al., 1 9 8 4 ).
T h e  f ir s t  r e se a r c h e r s  to  n o te  th e  p r o d u c t io n  o f  p h e n o la te  s id e r o p h o r e s  b y  f u n g i  w e r e  
J e l l i s o n  et al. ( 1 9 9 0 ) .  T h e s e  a u t h o r s  h a v e  s h o w n  t h a t  t h e  b r o w n - r o t  f u n g u s  
Gloeophyllum trabeum c a n  p r o d u c e  m u lt ip le  c h e m ic a l ly  a n d  s e r o lo g ic a l ly  d is t in c t  
m e ta l c h e la to r s . H P L C  p u r if ic a tio n  r e su lte d  in  th e  id e n t if ic a t io n  o f  s e v e r a l ir o n -b in d in g  
p e a k s .  C h e m ic a l  a n a ly s i s  (In fr a r e d  IR  a n d  m a s s  s p e c tr a  M S  a n d  n u c le a r  m a g n e t ic  
r e so n a n c e  N M R ) o f  o n e  o f  th e s e  c o m p o u n d s  s u g g e s te d  th e  p r e s e n c e  o f  a  tr i-su b stitu te d  
p h e n o la te  stru ctu re  s im ila r  to  th e  p h e n o la te  s id e r o p h o r e s  p r e v io u s ly  is o la te d  b y  o th ers  
fr o m  b a c te r ia  ra th er  th a n  th e  h y d r o x a m a te  str u c tu r e  m o r e  c o m m o n ly  a s s o c ia te d  w it h  
fu n g a l s id e r o p h o r e s  (J e l l i s o n  et al., 1 9 9 1  b ) . T h e  o n ly  in fo r m a t io n  th a t i s  a v a ila b le  o n  
p h e n o la te  ( c a te c h o la te )  s id e r o p h o r e s  are  fr o m  b a c te r ia , w h ic h  h a v e  p h e n o l ,  c a te c h o l  
a n d /o r  2 -h y d r o x y p h e n y lo x a z o lin e  a s  th e ir  l ig a n d . S o m e  o f  th e  c a te c h o ls  is o la te d  to  d a te  
c a n  b e  l is t e d  as f o l lo w s ,  a g ro b a ctin , p a rab actin , v ib r io b a c t in , p se u d o b a c t in , p y o v e r d in e  
an d  p y o c h e lin  (H id er , 1 9 8 4 ).
S id e r o p h o r e  p r o d u c tio n  b y  Trichoderma s p e c ie s  w a s  o n ly  r e c e n t ly  rep o rted  b y  A n k e  et 
al. ( 1 9 9 1 ) ,  b u t t h e s e  a u th o r s  h o w e v e r  o n ly  r e p o r te d  p r o d u c t io n  o f  h y d r o x a m a te  t y p e  
s id e r o p h o r e s .  T h e y  e x a m in e d  th e  p r o d u c t io n  o f  s id e r o p h o r e s  b y  n in e  s t r a in s  ( s i x  
s p e c ie s )  o f  th e  g e n u s  Trichoderma. U n d e r  c o n d it io n s  o f  ir o n  d e f ic ie n c y ,  th e  c u ltu r e  
f i l t r a te  o f  a ll  s tr a in s  c o n t a in e d  c o p r o g e n ,  c o p r o g e n  B  a n d  f e r r ic r o c in .  In  a d d it io n ,  
T.longibrachiatum an d  T.pseudokoningii p r o d u c e d  s id e r o p h o r e s  o f  th e  fu s ig e n  ty p e .  
T h e y  a lso  ex tr a c ted  fr o m  th e  m y c e lia  o f  s o m e  stra in s  a  n e w  c o p r o g e n  d e r iv a t iv e  w h ic h  
ca rr ied  a  p a lm ito y l  in s t e a d  o f  an  a c e ty l  g r o u p , a n d  w a s  n a m e d  p a lm ito y lc o p r o g e n  th e  
f ir s t  fu n g a l s id ero p h o re  w h ic h  i s  s o le ly  fo u n d  in  th e  c e l ls  an d  n o t  e x c r e te d  in  th e  cu ltu re  
broth .
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T h o u g h  s id e r o p h o r e s  a re  p r o d u c e d  b y  v ir t u a l ly  a l l  m ic r o - o r g a n is m s  th e  a b i l i t y  to  
se q u e s te r  ir o n  m o r e  e f f ic ie n t ly  i s  im p o r ta n t  fo r  s u r v iv a l. T h is  m a y  b e  d e p e n d e n t  o n  a  
n u m b er  o f  fa c to r s: 1) d if fe r e n t  ty p e s  o f  s id e r o p h o r e s  p ro d u ced ; 2 )  c o n c e n tr a t io n  o f  th e  
s id e r o p h o r e s  p r o d u c e d ; a n d  3 )  m e ta l b in d in g  p r o p e r t ie s  o f  th e  in d iv id u a l s id e r o p h o r e s  
(H id er , 1 9 8 4 ; N e ila n d s , 1 9 8 1  a; C r o w le y , 1 9 9 1 ) . A l l  o f  th e  a b o v e  fa c to rs  w il l  p la y  a  r o le  
in  th e  c o m p e t it io n  fo r  ir o n  b e tw e e n  o r g a n ism s . A s  a lrea d y  m e n tio n e d , s id e r o p h o r e s  are  
v i r t u a l l y  s p e c i f i c  f o r  F e ( I I I ) .  T h i s  i s  a c h i e v e d  b y  t h e  e x t r a o r d i n a r i l y  l a r g e  
th e r m o d y n a m ic  fo r m a tio n  c o n sta n t fo r  F e (II I )  e x h ib ite d  b y  th e s e  c o m p o u n d s , ty p ic a l ly  
in  th e  r a n g e  o f  1 0 ^  o r  h ig h e r . T h e  s id e r o p h o r e  l ig a n d s ,  w h e th e r  h y d r o x a m a t e s  o r  
c a t e c h o l ,  a re  e x q u i s i t e ly  ta i lo r e d  f o r  b in d in g  t o  t h e  f e r r ic  io n .  S in c e  th e  c h e la t in g  
s t a b i l i t y  i s  c r i t i c a l l y  d e p e n d e n t  u p o n  t h e  r a t io  o f  c h a r g e /r a d iu s ,  t h e  s id e r o p h o r e  
lig a n d in g  a to m s m u st b e  w e ll- s u ite d  to w a rd s  th e  ferr ic  io n . A s  th e  la tter  i s  a  "hard acid" , 
i t  p r e fe r s  to  a s s o c ia t e  w it h  a  "hard b a se "  s u c h  a s  o x y g e n  a n d  th is  a c c o u n t s  f o r  th e  
fa v o u r it ism  o f  -O" or - C = 0  g ro u p s  in  th e  c o o r d in a t io n  sp h e r e  o f  th e  iro n . T h e  s ta b ility  
co n sta n ts  w ith  F e (III)  fo r  cer ta in  h y d r o x a m a te  a n d  c a te c h o l ty p e  s id e r o p h o r e s  are l i s t e d  
in  ta b le  3 .4 .1 .  (A c e to h y d r o x a m ic  a c id  a  s y n th e t ic  s id e r o p h o r e  i s  g iv e n  fo r  c o m p a r is o n  
an d  th e  resu lts  p re sen ted  h ere  o n  c a te c h o la te s  are o n ly  fo r  b acter ia ).
A m o n g  th e  h y d r o x a m ic  a c id s , i t  is  ap p aren t th at th e  fer r ic h r o m e s  d isp la y  a  v e r y  m o d e s t  
c h e la t in g  e f fe c t ,  a  re su lt  w h ic h  h a s  b e e n  a s s ig n e d  to  lo s s  o f  e n e r g y  th ro u g h  d is to r tio n  o f  
th e  b in d in g  ( c y c lo h e x a p e p t id e )  p o r t io n  o f  th e  m o le c u le  (H id e r  e t  a l . ,  1 9 8 0 ) .  T h e  v e r y  
h ig h  v a lu e  g i v e n  fo r  e n te r o b a c t in  i s  s o m e w h a t  d e c e p t iv e  in  th a t  a t  n e u tr a l  p H  t h e  
ap p aren t fo r m a tio n  c o n sta n t w il l  b e  m u c h  c lo s e r  to  th o s e  s h o w n  fo r  th e  h y d r o x a m a te s .  
T h is  ca n  b e  a ttr ib u ted  to  c o m p e t it io n  fo r  p r o to n s , th e  c a te c h o ls  b e in g  v e r y  w e a k  a c id s  
(R a y m o n d  an d  C arran o , 1 9 7 9 ) .  E v e n  at p H  7 .2 ,  h o w e v e r , th e  c a te c h o ls  r e ta in  su p e r io r  
c o m p le x a t io n  c a p a c ity  fo r  iro n  (III) an d  i t  c a n  b e  e a s i ly  d e m o n stra ted  th at i t  c a n  r e m o v e  
ir o n  fr o m  fe r r ic h r o m e  (C o r e y  and  B h a tta c h a r y y a , 1 9 7 7 ) . A n  a n a lo g  c o n s tr u c te d  fr o m  
1 ,3 ,5 - t r i - a m in o m e t h y lb e n z e n e  w a s  l e s s  p o w e r f u l  an d  a p p e a r e d  to  e q u i l ib r a t e  w it h  
fe r r ic h r o m e  ir o n . T h is  s u g g e s t s  th at th e r e  is  s o m e th in g  s p e c ia l  a b o u t th e  1 2 -m e m b e r e d  
r in g  o f  en te r o b a c tin  w h ic h  m a k es  i t  a  p e r fe c t  f i t  a rou n d  th e  c e n tr a lly  c o o r d in a te d  m e ta l  
io n  (r e fe re n c e s  in  th e  a b o v e  paragraph  are a s c ite d  in  N e ila n d s , 1 9 8 1  b ).
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L ig a n d lo g  K s
H Y D R O X A M A T E S
D efer r ife r r io x a m in e  B 3 0 .6
D efer r ife r r io x a m in e  E 3 2 .5
D eferr ife r r io c h r o m e 2 9 .1
D eferr iferr ich ro m e  A 2 9 .6
A ero b a c tin 2 2 .9
R h o d o to r u lic  a c id  (d im e r ic /F e ) 3 1 .2
A c e to h y d r o x a m ic  a c id 2 8 .3
C A T E C H O L A T E S
M y c o b a c t in E x c e e d s  d e fe r r io x a m in e  B
E n tero b a ctin 5 2
A g ro b a ctin /P a ra b a ctin A t  neutra l p H  =  en tero b a c tin
P arab actin E x c e e d s  transferrin
(ir o n  transporter in  b lo o d )
T a b le  3 .4 .1  - F o r m a t io n  c o n s ta n ts  o f  s id e r o o h o r e s  w ith  fe r r ic  ir o n  a t b i o lo g ic a l  p H
(N e ila n d s , 19 8 1  b ).
Ir o n  e x c h a n g e  b e t w e e n  s id e r o p h o r e s  in c r e a s e s  w i t h  t im e  a n d  i s  e n h a n c e d  a t l o w  p H . 
T h e r e f o r e  ir o n  e x c h a n g e  e v e n t s  r e n d e r  t h e  in t e r p r e t a t io n  o f  [ ^ F e ] - s i d e r o p h o r e  
c o m p e t it io n  e x p e r im e n ts  d if f ic u lt . H o w e v e r  th e s e  d if f ic u lt ie s  c a n  b e  o v e r c o m e  b y  u s in g  
[ ^ C ] - la b e l l e d  s id ero p h o res . In  a d d itio n , ir o n  e x c h a n g e  e v e n ts  are m in im is e d  b y  u s in g  a  
n o n - s id e r o p h o r e  p r o d u c in g  s tra in . T h is  w a s  a c h ie v e d  (W in k e lm a n n , 1 9 7 3 )  u s in g  a  
m u ta n t o f  N e u r o s p o r a  c r a s s a  (a rg -5  o ta  a g a ) ,  w h ic h  c a n n o t  b io s y n t h e s is  o r n ith in e , a  
n e c e s s a r y  c o n s t itu e n t  o f  m o s t  fu n g a l s id e r o p h o r e s . T h is  m u ta n t i s  th e r e fo r e  u n a b le  to  
b io s y n t h e s is e  s id e r o p h o r e s , i f  o r n ith in e  i s  o m it t e d  in  th e  c u lt iv a t io n  m e d iu m . I t  w a s  
s h o w n  th a t th ere  i s  c o m p e t it io n  b e tw e e n  [^ % e ]- fe r r ic r o c in  an d  [ ^ C ] - c o p r o g e n  d u r in g  
u p ta k e  b y  N . c r a s s a  (a r g -5  o ta  a g a ). [ 1 4 C ] -c o p r o g e n  u p ta k e  r a te s  are d e c r e a s e d  in  th e  
p r e se n c e  o f  in c r e a s in g  a m o u n ts  o f  [^ % e ]-fe r r ic r o c in  an d  v ic e  v ersa . T h is  e x p e r im e n t  is  
p r o o f  th a t  s id e r o p h o r e  c o m p e t it io n  o c c u r s  d u r in g  u p ta k e  b y  fu n g a l  c e l l s ,  h o w e v e r  it  
d o e s  n o t  a l lo w  d e t e r m in a t io n  o f  th e  n u m b e r  o f  t r a n s p o r t  s y s t e m s  in v o l v e d  d u r in g  
s id e r o p h o r e  u p ta k e . C o m p e tit io n  fo r  o n e  u p ta k e  s y s te m  d o e s  n o t  e x c lu d e  th e  e x is t e n c e  
o f  a  se c o n d  u p tak e  sy s te m  (W in k e lm a n n , 1 9 7 3 ) .
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D u e  to  s u c h  d if f e r e n c e s  in  a f f in ity  a n d  p r o d u c t io n  o f  s id e r o p h o r e s  b y  d if fe r e n t  f u n g i ,  
i r o n  c o m p e t i t io n  c a n  p la y  a n  im p o r ta n t  r o l e  i n  a  n u m b e r  o f  c o m b a t iv e  s i t u a t io n s .  
C o m p e t it io n  fo r  ir o n  i s  a  w a y  o f  l i f e  fo r  s o i l  m ic r o -o r g a n is m s  a n d  e x e r t s  a  p r o fo u n d  
e f f e c t  o n  th e  in te r a c t io n s  a m o n g  s a p r o p h y t ic  m ic r o b e s ,  p a t h o g e n s  a n d  p la n t s .  T h e  
in v o lv e m e n t  o f  s id e r o p h o r e s  p r o d u c e d  b y  P s e u d o m o n a s  s p e c ie s  in  s u p p r e s s in g  s o i l -  
b o r n e  d is e a s e s  i s  d o c u m e n te d  in  n u m e r o u s  r e p o r ts  a n d  r e v ie w s  (L e o n g , 1 9 8 6 ;  L e o n g  
a n d  E x p e r t ,  1 9 8 9 ;  N e i la n d s  a n d  L e o n g ,  1 9 8 6 ;  S c h r o t h  a n d  H a n c o c k ,  1 9 8 2 ) .  T h e  
su p p r e ss io n  p h e n o m e n o n  i s  n o t o n ly  l im ite d  to  fu n g a l an d  b a c ter ia l p h y to p a th o g e n s , b u t  
a ls o  a f fe c ts  d e le te r io u s  r h iz o b a c te r ia  (S u s lo w  a n d  S c h ro th , 1 9 8 2 ) . T h e  p o s s ib le  r o le  o f  
s id e r o p h o r e s  a s  v ir u le n c e  d e te r m in a n ts  o f  p la n t  p a t h o g e n s  h a s  b e e n  th e  s u b j e c t  o f  
in v e s t ig a t io n s  fo r  s o m e t im e  (L e o n g  a n d  E x p e r t , 1 9 8 9 ;  N e ila n d s  a n d  L e o n g , 1 9 8 6 ) .  In  
s o m e  d is e a s e s  th e  ir o n  s ta tu s  o f  th e  h o s t  p la n t  h a s  b e e n  s h o w n  to  e x e r t  a  s ig n i f i c a n t  
e f f e c t  o n  th e  c o u r s e  o f  in f e c t io n  (B a r a sh  e t  a l . ,  1 9 8 8 ;  G u erra  a n d  A n d e r s o n , 1 9 8 5 ) .  In  
a d d it io n , s id e r o p h o r e s  m a y  a f fe c t  sp o r e  g e r m in a t io n  o f  fu n g a l p a th o g e n s  (S w in b u r n e ,
1 9 8 6 ) .
I t  i s  e v id e n t  th a t s id e r o p h o r e s  p la y  a n  im p o r ta n t  r o le  in  th e  b io c o n tr o l  o f  m a n y  p la n t  
p a th o g e n ic  fu n g i an d  b a c te r ia  (N e ila n d s , 1 9 8 4  a ). B u t  to  d a te  l i t t le  h a s  b e e n  p u b lis h e d  
r e g a r d in g  ir o n  c o m p e t it io n  b e tw e e n  T r i c h o d e r m a  a n d  w o o d  d e c a y  b a s id io m y c e t e s  in  
w o o d  a s  a  p o s s ib l e  a n t a g o n is t ic  m e c h a n is m . I t  h a s  b e e n  k n o w n  fo r  s o m e t im e  th a t  
h y d r o x a m a te  ty p e  s id e r o p h o r e s  are  p r o d u c e d  b y  b a s id io m y c e t e s .  B u t  p h e n o la t e  ty p e  
s id e r o p h o r e  p r o d u c t io n  b y  t h e s e  f u n g i  w a s  o n ly  r e c e n t ly  r e p o r te d  b y  J e l l i s o n  e t  a l .
(1 9 9 0 )  an d  w a s  th o u g h t to  b e  u n iq u e  to  w o o d  d e c a y  b a s id io m y c e te s .  T h e  p r o d u c t io n  o f  
h y d r o x a m a te  ty p e  s id e r o p h o r e s  b y  T r i c h o d e r m a  s p e c ie s  h a s  a ls o  o n ly  r e c e n t ly  b e e n  
rep orted  b y  A n k e  e t a l .  (1 9 9 1 ) .
I f  p h e n o la te  ty p e  s id e r o p h o r e s  are a lso  p r o d u c e d  b y  T r i c h o d e r m a  a n d  th e  h ig h  a f f in ity  
o f  p h e n o l a t e s  f o r  m a n y  m e t a l s  m a y  e x h i b i t  c o m p e t i t i o n  f o r  t h e  i r o n  w i t h  t h e  
s id e r o p h o r e s  o f  b a s id io m y c e t e s ,  a s  t h e y  a r e  l i k e l y  to  h a v e  a n  e q u a l  p o t e n t ia l  f o r  
s e q u e s t e r in g  t h e s e  m e ta l  io n s .  H o w e v e r  t h e  in d iv id u a l  s id e r o p h o r e - F e  a f f i n i t y  a s  
d e te r m in e d  b y  l ig a n d  ty p e  a n d  th e  c o n c e n tr a t io n  o f  s id e r o p h o r e s  p r o d u c e d  w i l l  b o th
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h y d r o x a m a te  s id e r o p h o r e  p r o d u c e d  b y  th e  w o o d  d e c a y  fu n g i a n d  T r i c h o d e r m a ,  m a y  
d e te r m in e  w h ic h  p r o d u c e  th e  m o r e  e f f i c i e n t  ir o n  s e q u e s te r in g  a g e n ts .  T h is  w i l l  h a v e  
im p o r ta n t im p lic a t io n s  in  term s o f  ir o n  c o m p e t it io n  b e tw e e n  th e  o r g a n ism s as it  is  p artly  
d e p e n d e n t  o n  th e  c h e la t in g  a b ility  o f  th e  s id e r o p h o r e s . S u c h  c h a r a c te r is a t io n  s tu d ie s  
req u ire  th e  a p p lic a tio n  o f  m a n y  ch ro m a to g ra p h ic  a n d  s p e c tr o sc o p ic  te c h n iq u e s . T h e  tw o  
c h o s e n  t e c h n iq u e s  in  th is  s tu d y  w e r e  th a t  o f  T h in  L a y e r  C h r o m a to g r a p h y  (T L C )  to  
id e n t ify  th e  n u m b er  o f  in d iv id u a l s id ero p h o res; an d  n u c lea r  m a g n e t ic  r e so n a n c e  (N M R )  
t o  p r o v id e  in f o r m a t io n  o n  t h e  c h e m i c a l  n a t u r e  o f  t h e  l i g a n d  g r o u p s .  C o m p l e t e  
c h a r a c te r isa t io n  o f  th e  c h e m ic a l  stru ctu re  o f  th e  s id e r o p h o r e  c o m p o u n d s  i s  h o w e v e r  a  
d i f f i c u l t  t a s k  a s  th e y  m a y  c o n ta in  u p  to  4 1  c a r b o n  a n d  6 4  h y d r o g e n  a to m s  l i k e  e g . ,  
f e r r i r u b i n .  C a r b o n  a n d  p r o t o n  N M R  o f  t h e s e  c o m p o u n d s  d o  n o t  a l l o w  e a s y  
in te r p r e ta t io n s  o f  th e  fu n c t io n a l g r o u p s  d u e  to  th e ir  c o m p lic a te d  b o n d in g  p a tte r n s  th a t  
w il l  a f fe c t  th e  N M R  sp ectra . N e v e r th e le s s  th e  im p o rta n t fu n c tio n a l g ro u p s th a t d o m in a te  
th e  ch a ra cter istics  o f  th e  s id ero p h o res  l ik e  th e  p r e se n c e  o f  a n  arom atic  g ro u p  (p h e n o la te )  
c a n 'b e  e lu c id a te d . M a s s  sp e c tr a  a n d  In fr a r e d  s p e c tr a  s tu d ie s  are h o w e v e r  n e e d e d  fo r  
c o m p le te  e lu c id a t io n  o f  th e  s id ero p h o re  structure.
T h is  ch a p ter  e x a m in e s  th e  p o ten tia l r o le  o f  T r i c h o d e r m a  s id e r o p h o r e s  in  th e  b io c o n tr o l  
o f  w o o d  d e c a y  fu n g i.
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3 .4 .2  M a t e r ia ls  a n d  M e t h o d s
3 .4 .2 .1  In tera ctio n  s tu d ie s  o n  L N M  (w ith  red u ced  iron )
In te r a c t io n  s tu d ie s  w e r e  c a r r ie d  o u t  o n  th e  lo w  n u tr ie n t m e d ia  w ith  th e  s a m e  n u tr ien t  
c o n s is t e n c y  a s  d e sc r ib e d  in  ch a p ter  2  a n d  L N M  w ith  r e d u c e d  c o n c e n tr a t io n  o f  ir o n . In  
th e  o r ig in a l  L N M , F eS C > 4  i s  p r e s e n t  a s  th e  s o le  s o u r c e  o f  ir o n  at a  c o n c e n tr a t io n  o f  
a p p ro x im a te ly  6 5 .7  p M  o f  iro n  i .e . ,  0 .0 1 8 3  g/1. H o w e v e r  in  th e  lo w  ir o n  m e d ia  
th e  F eS C > 4  c o n c e n tr a tio n  w a s  r e d u c e d  to  0 .6 5  p M  o f  ir o n  ( 0 .0 0 0 1 3 9  g/1) a s  s id e r o p h o r e  
p r o d u c t io n  i s  r e p o r te d  to  b e  in d u c e d  (N e i la n d s ,  1 9 8 4  a) o n ly  w h e n  th e  l e v e l  o f  ir o n  
c o n c e n tr a t io n  i s  lo w  (0 .1  to  1 0  p M ). I n te r a c t io n  s tu d ie s  w e r e  c a r r ie d  o u t  w ith  th e  te n  
s e le c te d  T r i c h o d e r m a  i s o la te s  a g a in s t  th e  tw o  b a s id io m y c e te s  N . l e p i d e u s  F P R L  7 F  an d  
T . v e r s i c o l o r  M A D  6 9 7 .  T h e  m e t h o d  o f  s t u d y  a n d  a n a ly s i s  o f  t h e  r e s u l t s  f o r  t h e  
i n t e r a c t i o n  s t u d ie s  a r e  a s  d e s c r i b e d  i n  c h a p t e r  2 .  A l l  t h e  g l a s s w a r e  u s e d  i n  t h e  
e x p e r im e n t  w e r e  so a k e d  o v e r n ig h t  in  0 .0 5  M  E D T A  (E th y le n e d ia m in e te tr a a c e t ic  a c id  - 
S ig m a  E 4 8 8 4 )  and  th o r o u g h ly  w a s h e d  a t le a s t  th ree  t im e s  w ith  d e io n is e d  d is t i l le d  w ater . 
A ll  th e  m e d ia  w e r e  a lso  p rep ared  in  d e io n is e d  w ater . S u c h  p r e c a u tio n s  w e r e  e s s e n t ia l  to  
k e e p  th e  c o n ta m in a t io n  b y  m in e r a ls , e s p e c ia l ly  ir o n  to  a  v e r y  lo w  l e v e l  a s t h e s e  m a y  
in te r fe r e  w ith  th e  te s t . In  a ll th e  e x p e r im e n ts  th a t  f o l l o w  th e  a b o v e  p r e c a u t io n s  w e r e  
o b se r v e d .
3 .4 .2 .2  C h e m ic a l A s s a y  fo r  D e te c t io n  o f  S id e r o p h o r e s  - C A S  (C h r o m e  a z u r o l S )  ag a r  
m e d iu m
T h e  p ro d u c tio n  o f  th e se  lo w  m o le c u la r  w e ig h t , p r o te in a c e o u s  m o le c u le s  w a s  d e term in ed  
b y  a  d e t e c t io n  m e th o d  b a s e d  o n  th e ir  h ig h  a f f in i t y  fo r  F e  III . T h e  te r n a r y  c o m p le x  
c h r o m e  a z u r o l S  (C A S ) / ir o n  I I I /h e x a d e c y ltr im e th y la m m o n iu m  b r o m id e  s e r v e s  a s an  
in d ic a to r . W h e n  a  stro n g  c h e la to r  s u c h  a s  a  s id e r o p h o r e  r e m o v e s  th e  ir o n  fr o m  th e  d y e ,  
i t s  c o lo u r  c h a n g e s  fr o m  b lu e  to  o r a n g e . W h e n  th is  C A S  c o m p le x  i s  in c o r p o r a te d  in to  
agar p la te s , ora n g e  h a lo s  around  th e  c o lo n ie s  are in d ic a t iv e  o f  s id ero p h o re  e x c r e tio n .
P la te s  o f  C A S  agar (S c h w y n  and  N e ila n d s , 1 9 8 7 )  w e r e  p rep a red  as fo l lo w s .  T o  p rep are  
1 litr e  o f  b lu e  agar , 6 0 .5  m g  C A S  (F lu k a  B io c h e m ic a ls ,  P a c k e d  in  S w itz e r la n d )  w a s  
d i s s o lv e d  in  5 0  m l o f  w a te r  a n d  m ix e d  w it h  1 0  m l F e  ( I I I )  s o lu t io n  (1  m M  F e C ^  . 
6 H 2 0 ,  10  m M  H C1). U n d er  stirring  th is  so lu t io n  w a s  s lo w ly  ad d ed  to  7 2 .9  m g  H D T M A
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( H e x a d e c y l t r im e t h y la m m o n iu m  b r o m id e  - F lu k a )  d i s s o l v e d  i n  4 0  m l w a te r .  T h e  
r e su lta n t  dark  b lu e  l iq u id  w a s  a u to c la v e d  ( s o lu t io n  A ) . T o  7 5 0  m l o f  H 2 0 ,  w a s  a d d e d  
M M 9  sa lts  (6  g  o f  N a 2 H P 0 4 , 3 g  o f  K H 2 P 0 4 , 0 .5  g  o f  N a C l, 1 g  o f  N H 4 C1 d is s o lv e d  in  
1 0 0  m l o f  w ater , th e  p H  a d ju sted  to  7 .4 ,  to  th is  w a s  ad d ed  se p a r a te ly  0 .4 9 3  g  o f  M g S 0 4  
in  0 .2  m l o f  w a te r , 2  g  o f  g lu c o s e  in  1 m l w a te r  a n d  0 .0 1 1  g  o f  C a C l2  in  0 .0 1  m l o f  
w a ter );  a lso  ad d ed  w e r e  15 g  agar, 3 0 .2 4  g  P ip e s  (1 ,4 -p ip e r a z in e d ie th a n e s u lfo n ic  a c id  - 
F lu k a ) , a n d  12  g  o f  a  5 0 %  (w /w )  N a O H  s o lu t io n  to  r a is e  th e  p H  to  th e  p K a  o f  P ip e s  
(6 .8 )  and  a u to c la v e d  fo r  15  m in  at 121  °C . A fte r  c o o lin g  to  5 0  °C , 3 0  m l c a sa m in o  a c id s  
(1 0 % ) ( D i f c o ) ,  a c t in g  a s th e  ca r b o n  s o u r c e , w a s  a d d e d  ( s o lu t io n  B ) . T h e  d y e  s o lu t io n  
( s o lu t io n  A )  w a s  f in a lly  a d d ed  to  s o lu t io n  B  a lo n g  th e  g la s s w a ll ,  w ith  e n o u g h  a g ita t io n  
to  a c h ie v e  m ix in g  w ith o u t  g e n e r a t io n  o f  fo a m . E a c h  p la te  r e c e iv e d  3 0  m l o f  b lu e  agar. 
P la t e s  o f  C A S  w e r e  in o c u la t e d  s e p a r a t e ly  w i t h  c o r e s  o f  e a c h  o f  t h e  t e n  s e l e c t e d  
Trichoderma a n d  th e  tw o  b a s id io m y c e t e s  N. lepideus a n d  T.versicolor ( 0 .6  c m  in  
d ia m e te r )  an d  in c u b a te d  at e ith e r  2 2  or  2 5  °C . A fte r  a n  in c u b a t io n  p e r io d  o f  o n e  w e e k  
th e  C A S  p la te s  w e r e  e x a m in e d  fo r  o r a n g e  h a lo s , and  th e  d ia m eter  o f  th e  h a lo s  an d  th e ir  
c o lo u r s  w e r e  n o ted .
C A S  agar w ith  M E B  or L N M  N u tr ien ts
T h e  C A S  a g a r  w a s  m o d if ie d  b y  r e p la c in g  th e  n u tr ie n ts  o f  th e  m e d iu m  i .e . ,  th e  M M 9  
sa lts  an d  c a sa m in o  a c id s  w ith  m a lt ex tr a c t  b ro th  (M E B ) or  L N M  (w ith  th e  e x c lu s io n  o f  
iro n ). R e su lts  w ere  reco rd ed  as a b o v e .
3 .4 .2 .3  I so la t io n  an d  P u r ifica tio n  o f  S id ero p h o res
A ll  th e  s o lv e n ts  an d  c h e m ic a ls  u se d  in  th e  e x tr a c t io n  and  p u r if ic a t io n  p r o c e d u r e s  are o f  
analar grad e  o b ta in ed  from  e ith er  S ig m a  or A ld r ic h , D o r se t , E n g la n d .
T h e  f o l l o w i n g  th r e e  i s o l a t e s  o f  Trichoderma w e r e  c h o s e n  f o r  e x t r a c t io n  o f  t h e  
h y d r o x a m a te  and  p h e n o la te  s id e r o p h o r e s , T.harzianum 2 5 ,  T.pseudokoningii 6 4 ,  an d  
T.viride 6 0 . T h e y  w e r e  c h o s e n  on  th e  b a s is  o f  th e ir  a n ta g o n is t ic  r e s p o n s e s  a g a in s t  th e  
b a s i d i o m y c e t e s  t e s t e d  a n d  b e c a u s e  t h e y  r e p r e s e n t e d  d i f f e r e n t  s p e c i e s .  T h e  th r e e  
Trichoderma is o la te s  w e r e  g ro w n  in  6  lite r s  o f  th e  L N M  (a u to c la v e d  at 121  °C ) w ith o u t  
a n y  a d d ed  ir o n  in  E D T A  w a s h e d  g la s s w a r e . T h e  in o c u lu m  c o n s is t e d  o f  th r e e  p lu g s  o f
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T r i c h o d e r m a  m y c e liu m  (0 .6  cm  in  d ia m eter ) ta k en  fr o m  a 3 % M E A  p la te . T h is  tran sfer  
o f  th e  o r g a n ism s  fro m  a  h ig h  ir o n  m e d ia  (M E A ) to  a  lo w  ir o n  m e d iu m  (L N M -F e )  w a s  
u n d erta k en  to  s tress  th e  o r g a n ism  and  in d u c e  p r o d u c tio n  o f  s id e r o p h o r e s . C u ltu res  w e r e  
in c u b a te d  a t 2 2  o r  2 5  °C  fo r  a b o u t  3  w e e k s  u n til th e  f lu o r e s c e n t  y e l l o w  c o lo u r a t io n  
( th o u g h t  to  b e  in d ic a t iv e  o f  s id e r o p h o r e  p r o d u c t io n )  w a s  e v id e n t  in  th e  s p e n t  c u ltu r e  
m e d iu m . T h e  sp e n t  c u ltu r e  m e d iu m  w a s  f i l t e r e d  to  r e m o v e  th e  m y c e l iu m  b y  p a s s in g  
th r o u g h  a  b u c h n e r  fu n n e l  w it h  W h a tm a n  N o .  1 f i l t e r  p a p e r . T h is  w a s  s u b s e q u e n t ly  
p a s s e d  th r o u g h  a  0 .4 5  p,m s t e r i le  m e m b r a n e  f i lte r  (W h a tm a n ) an d  s to r e d  at 4  °C . T h e  
s u p e r n a t a n t  f l u i d  w a s  t h e n  c o n c e n t r a t e d  to  1 /5  th  th e  o r ig in a l  v o l u m e  b y  r o ta r y  
e v a p o r a t io n  at 4 5  °C . T h e  c o n c e n tr a te d  c u ltu r e  su p e r n a ta n t  f r o m  e a c h  T r i c h o d e r m a  
i s o l a t e  w a s  t h e n  d i v i d e d  in t o  e q u a l  v o l u m e s  f o r  e x t r a c t i o n  o f  t h e  t w o  t y p e s  o f  
s id ero p h o res .
I so la t io n  o f  H y d ro x a m a te  S id ero p h o res
F erro u s su lp h a te  (h y d ro u s) w a s  ad d ed  to  th e  co n cen tra ted  su p ern atan t at a  c o n c e n tr a tio n  
o f  1 m g  /  m l ( t h e  F e  a d d e d  b in d s  t o  t h e  s id e r o p h o r e s  p r e s e n t  g i v i n g  i t  a  b r ig h t  
y e llo w /o r a n g e y  co lo u r). T h e  so lu t io n  w a s  th e n  a c id if ie d  w ith  c o n e  HC1 to  p H  3  
a n d  ( N H ^ S C ^  w a s  a d d e d  w h i le  s t ir r in g  in  a  b e a k e r  w it h  a  m a g n e t ic  f l e a  u n t i l  th e  
s o lu t io n  w a s  sa tu ra ted . T h is  s o lu t io n  w a s  th e n  e x tr a c te d  s e v e r a l  t im e s  in  a  s e p a r a t in g  
fu n n e l (3  to  4  t im e s )  w ith  s m a ll  a liq u o ts  o f  b e n z y l  a lc o h o l  ( 1 /1 0  to  1 /2 0  th e  v o lu m e  o f  
su p e r n a ta n t)  (G a r ib a ld i a n d  N e i la n d s ,  1 9 5 4 ) .  T h e  d is a p p e a r a n c e  o f  th e  c h a r a c te r is t ic  
c o lo u r  o f  th e  s id e r o p h o r e s  fr o m  th e  a q u e o u s  la y e r  in d ic a te d  th a t th e  e x tr a c t io n  o f  th e  
s id e r o p h o r e s  fr o m  th e  c u ltu r e  su p e r n a ta n t in to  th e  b e n z y l  a lc o h o l  w a s  c o m p le te .  T h e  
a lc o h o l ex tracts  w ere  c o m b in e d  and th e  h y d ro x a m a tes  p a rtit io n ed  in to  w a ter  b y  a d d itio n  
o f  3  v o lu m e s  o f  d ie th y l  e th e r  and  1 /1 0  v o lu m e  o f  w a te r . T h e  a q u e o u s  e x tr a c ts  w e r e  
c o m b in e d  a n d  th e n  w a s h e d  w ith  m o r e  d ie th y l  e th e r  to  r e m o v e  a n y  t r a c e s  o f  b e n z y l  
a lc o h o l  p r e se n t  (F e k e te  e t  a l . ,  1 9 8 9 ) .  T h e  w a s h e d  a q u e o u s  e x tr a c ts  w e r e  th e n  r o ta ry  
e v a p o ra ted  at 4 5  °C  to  d r y n e ss  and  th e  re s id u a l m a ter ia l r e su sp e n d e d  in  a  sm a ll  v o lu m e  
o f  m eth a n o l (3  to  5  m l).
T h e  c o n c e n tr a te d  s id e r o p h o r e s  in  m e th a n o l  w e r e  th e n  p u r if ie d  b y  p a s s in g  th r o u g h  a  
N o r m a l P h a se  S e p -P a k  (L ig h t)  N H 2  C a r tr id g e  ( M ill ip o r e , W a te r s  D iv i s io n ,  C h ic a g o ,
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U .S .A ) .  T h e s e  c a r tr id g e s  a re  s p e c i f i c a l ly  u s e d  fo r  p u r if ic a t io n  o f  m e t a b o l i t e s  w h e r e  
e x c e s s iv e  d ilu t io n  is  a  c o n c e r n  an d  th e s e  ca r tr id g e s  c o n ta in  tw o -th ir d  l e s s  so r b e n t  th an  
t h e  s ta n d a r d  S e p -p a k  c a r tr id g e  a n d  g i v e  h ig h e r  s a m p le  r e c o v e r y  w i t h  l e s s  s o lv e n t  
c o n su m p tio n . T h e  g en era l e lu t io n  p r o to c o l fo r  N o rm a l P h a se  C h ro m a to g ra p h y  in v o lv e d  
c o n d it io n in g  o f  th e  ca rtr id g es w ith  2  m l o f  a  p o la r  so lv e n t , (m e th a n o l)  fo l lo w e d  b y  5  x  2  
m l w a te r  to  h y d r a te . I m m e d ia t e ly  a f te r , th e  s a m p le s  w e r e  p a s s e d  th r o u g h  a n d  th e  
s id e r o p h o r e s  in  m e th a n o l r e ta in e d  in  th e  c a r tr id g e  as in d ic a te d  b y  th e ir  c o lo u r  w h i le  
u n w a n te d  c o n ta m in a tin g  c o m p o n e n ts  p a s s e d  th r o u g h . T h e  c a r tr id g e  w a s  th e n  w a s h e d  
th r o u g h  w ith  5  to  8 m l o f  w a te r  to  r e m o v e  th e  e x c e s s  s a lt s  a n d  o th e r  im p u r it ie s .  T h is  
w a s  th e n  f o l lo w e d  b y  e lu t io n  o f  th e  s id e r o p h o r e s  b y  p a s s in g  th r o u g h  5  m l o f  m eth a n o l  
a n d  th e  r e le a s e  o f  th e  s id e r o p h o r e s  w a s  in d ic a te d  b y  th e  e lu t io n  o f  th e  c o lo u r  p a s s in g  
d o w n  th e  c o lu m n  in to  th e  c o l le c t io n  v ia l .  T h e  p u r if ie d  s a m p le  w a s  th e n  s to r e d  a t 4  °C  
fo r  further s tu d ie s .
I so la t io n  o f  P h e n o la te  S id ero p h o res
T h e  co n cen tra ted  cu ltu re  su p ern atan t fo r  e a c h  is o la te  w a s  a c id if ie d  w ith  c o n e  HC1 to  p H
3 .0 . T h is  w a s  f o l lo w e d  b y  s o lv e n t  e x tr a c tio n  w ith  a n  eq u a l v o lu m e  o f  e th y l a c e ta te . T h is  
w a s  r ep ea ted  tw ic e  m o re  b e fo r e  th e  c o m b in e d  e th y l a c e ta te  ex tr a c ts  w e r e  e v a p o r a te d  to  
d r y n e ss  in  a  rotary e v a p o ra to r  w ith  a  4 0  °C  w a te r  b a th  an d  th e  r e s id u e  r e su sp e n d e d  in  a  
sm a ll a m o u n t (2  to  3 m l) o f  e th y l a ce ta te  (J e lliso n  e t  a l . ,  1 9 9 1  a ). T h e  p ro ced u res  carried  
o u t  fo r  p u r if ic a tio n  o f  th e  p h e n o la te s  w ith  th e  S e p -p a k  ca r tr id g es  (N H 2 )  w e r e  s im ila r  to  
th a t  fo r  th e  h y d r o x a m a te s . T h e  ca r tr id g es  w e r e  c o n d it io n e d  in  th e  s a m e  w a y  a s  b e fo r e  
w ith  m e th a n o l, a n d  th e  s a m p le s  in  e th y l  a c e ta te  p a s s e d  th r o u g h  w h i le  th e  im p u r it ie s  
w e r e  w a sh e d  o u t w ith  m o re  m eth a n o l (2  to  3 m l) . T h e n  th e  s id e r o p h o r e s  w e r e  e lu te d  o u t  
w ith  sm a ll v o lu m e s  o f  (2  to  3  m l) a  n o n -p o la r  so lv e n t , c h lo ro fo rm .
T h in  L a v er  C h rom atograp h y  (T L C ) o f  th e  S id ero p h o res
F i f t y  m ic r o l i t e r s  ( p i )  v o l u m e s  o f  th e  p u r i f i e d  s id e r o p h o r e s ,  ( h y d r o x a m a t e s  a n d  
p h e n o la t e s )  w e r e  d o t te d  o n to  s i l i c a  g e l  p la te s  a n d  a  c o ld  a ir  b lo w e r  u s e d  t o  d ry  th e  
s a m p le s .  T h e  s a m p le s  w e r e  th e n  s e p a r a t e d  b y  T L C  o n  a  2 5 0  p m  s i l i c a  g e l  p la t e  
(A n a lte c h , C h ic a g o , U .S .A ) .  T h e  s o lv e n t  s y s te m  u s e d  fo r  T L C  o f  h y d r o x a m a te s  w a s  a  
s o lv e n t  m ix tu r e  o f  c h lo r o fo r m :e th a n o l:w a te r  (8 0 : 1 9 : 1 )  ( B e n t le y  e t  a l . ,  1 9 8 6 )  an d  fo r
161
p h e n o la t e s  a  m ix tu r e  o f  c h lo r o fo r m :e th y l  a c e ta te : fo r m ic  a c id r to u le n e  ( 4 0 : 4 0 : 1 0 : 1 0 )  
( J e l l i s o n  e t  a l . ,  1 9 9 1  a ) .  T h e  p u r i f i e d  s a m p le s  ( h y d r o x a m a t e s  i n  m e t h a n o l  a n d  
p h e n o la te s  in  e th y l a ce ta te ) w e r e  th en  a l lo w e d  to  run  in  th e  ap p rop ria te  s o lv e n t  m ix tu res  
in  a  c lo s e d  g la s s  ta n k . T h e  s i l i c a  p la t e s  w e r e  th e n  a l lo w e d  to  d ry . D e t e c t io n  o f  th e  
h y d r o x a m a te s  w a s  s im p ly  d o n e  b y  d r y in g  i n  an  o v e n  a t 3 7  °C  fo r  h a l f  an  h o u r  a n d  th e  
s id e r o p h o r e s  d e t e c t e d  b y  th e  y e l lo w i s h  o r a n g e  d o t s .  T h e  p h e n o l ic  c o m p o u n d s  w e r e  
v is u a lis e d  und er U V  l ig h t  (sh o rt w a v e le n g th )  and  d e te c te d  a s  f lu o r e sc e n t  sp o ts .
3 .4 .2 .4  N u c le a r  m a g n e t ic  r e so n a n c e  (N M R ) o f  th e  p u r if ie d  s id e r o p h o r e s  (h y d ro x a m a tes  
an d  o h e n o la te s )
N M R  e x p e r im e n ts  w e r e  p er fo rm ed  w ith  a  B ru k er  W H 2 5 0  sp e c tr o m e te r  o p e r a tin g  a t 6 3  
M H z  for  « C  an d  a t 2 5 0  M H z  fo r  p r o to n  ( ’H ) d e te c t io n . T h e  p u r if ie d  h y d r o x a m a te  and  
p h e n o la te  s id e r o p h o r e s  w e r e  d i s s o lv e d  in  C D C I 3  (d e u te r a te d  c h lo r o f o r m ) ,  C D 3 O D  
(d e u te r a te d  m e th a n o l)  o r  D 2 O (d e u te r a te d  w a te r )  a s  l i s t e d  in  ta b le  3 .4 .2 .4 .  T h e  l iq u id  
s ta te  N M R  w a s  d o n e  w it h  0 .5  m l v o lu m e s  o f  th e  r e s p e c t iv e  s o lv e n t s  w it h  n o n  T L C  
sep a ra ted  p u r ified  s id ero p h o re  sa m p le s . A n d  a ll sp ec tra  w e r e  run  at 2 0 - 2 2  °C .
S o lv e n ts T r ich o d erm a  Iso . 13C D e p t ’H
C D C I 3 B 1 1 P X X
C D C I 3 B 1 5 P X X X
C D C I 3 R 1 0  P N T X
C D 3 O D B l l  H X X
C D 3 O D B 1 5 H N T X
d2o R 1 0  H X X
T a b le  3 . 4 . 2 . 4  - P r o t o n  ( ’H )  a n d  C a r b o n  ( 1 3 c ,  D e p t )  N M R  c a r r ie d  o u t  ( x )  o n  th e  
H y d r o x a m a te  (H )  a n d  P h e n o la te  (P )  e x tr a c ts  o f  th e  th r e e  Trichoderma i s o la t e s  B l l  
(T.harzianutn) ,  B 1 5  (T.pseudokoningii)  an d  R 1 0  ( T.viride) .  N T  - N o t  te s ted .
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T h e  p ro to n  an d  ca rb o n  N M R  c o u ld  n o t  b e  carr ied  o u t  o n  a ll th e  ex tra c ts  as th e  a m o u n ts  
o f  s a m p le  w e r e  n o t  s u f f i c i e n t ,  a n d  t a b le  3 . 4 . 2 . 4  l i s t s  t h e  t y p e s  o f  N M R  a n a ly s i s  
u n d er ta k en  fo r  e a c h  o f  th e  sa m p le s . T M S  ( te tr a m e th y ls ila n e )  w a s  u s e d  as th e  r e fe r e n c e  
w it h  a l l  t h e  s o l v e n t s  e x c e p t  w a t e r ,  D S S  ( s o d iu m  2 ,2 - d i m e t h y l - 2 - s i l a p e n t a n e - 5 -  
su lp h o n a te ) w a s  u s e d  as r e fe r en ce  w ith  D 2 O  as th e  fo rm er  i s  in s o lu b le  in  w ater .
3 .4 .3  R e s u l t s
3 .4 .3 .1  In tera ctio n  s tu d ie s  o n  L N M  an d  L N M  (w ith  r e d u c e d  iro n )
T h e  r e s u lt s  o f  th e  in te r a c t io n  s tu d ie s  c a r r ie d  o u t  w it h  th e  te n  s e le c t e d  Trichoderma 
is o la te s  a g a in s t  th e  b r o w n  ro t  fu n g u s  Neolentinus lepideus a n d  th e  w h ite  ro t Trametes 
versicolor are s h o w n  o n  ta b le  3 .4 .3 .1 .  It i s  c le a r  th a t o u tc o m e  o f  in te r a c t io n s  b e tw e e n  
a n ta g o n is ts  an d  d e c a y  fu n g i w e r e  n o t  a lw a y s  r e p r o d u c e d  in  th e  tw o  m e d ia  ty p e s  (L N M  
and  L N M  w ith  re d u c e d  ir o n ) . B 1  ( T.aureoviride)  s h o w s  th e  sa m e  r e su lts  in  b o th  m e d ia  
w h e r e  n e i t h e r  b a s i d i o m y c e t e  are  k i l l e d .  B 1 3 ,  B 1 5 ,  ( T.pseudokoningii)  a n d  R IO  
(T.viride) s h o w  e l im in a t io n  o f  b o th  w o o d  d e c a y  fu n g i  in  b o th  L N M + r e d u c e d  ir o n  an d  
L N M . H o w e v e r  in  m a n y  in te r a c t io n s  th e  ap p a ren t ra te  o f  d e a th  an d  ly s i s  o f  th e  b r o w n  
ro t Neolentinus lepideus, as e v id e n t  fr o m  th e  e x te n t  o f  b r o w n in g , in c r e a s e d  in  th e  lo w  
ir o n  m e d iu m  (F ig u r e s  3 .4 .3 .1  a  an d  b ) .  T h e  r e s t  o f  th e  i s o la t e s  t e s te d  s e e m e d  to  s h o w  
s o m e  v ar ied  resu lts . In  in tera c tio n s  w ith  th e  w h ite  ro t fu n g u s , h o w e v e r  n o  b r o w n in g  w a s  
e v id e n t  at o r  n ea r  th e  in te r a c t io n  z o n e  w ith  a n y  o f  th e  Trichoderma i s o la t e s .  F ig u r e s
3 .4 .3 .1  ( c )  an d  (d )  s h o w  th e  in te r a c t io n  o f  i s o la t e s  B 1 3  a n d  B 15 ( T.pseudokoningii) 
w ith  th e  tw o  w o o d  d e c a y  fu n g i .  A s  s e e n  w ith  i s o la t e  B l l  ( T.harzianum) a g a in s t  th e  
w h ite  ro t fu n g u s  th ere  is  n o  co rre la tio n  b e tw e e n  th e  p ro d u c tio n  o f  b r o w n in g  an d  d ea th  in  
th e  tw o  b a s id io m y c e te s  (F ig u res  3 .4 .3 .1  b ).
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T r ic h o d e r m a  I s o la t e s L o w  N u t r .  M e d .+ F e L o w  N u t r .  M e d .+ F e *
N1 T v N1 T v
B 1 S S S S
B 5 K K S K
R 2 S K S K
R 7 K K S S
R IO K K K K
B l l K K K S
B 1 3 K K K K
B 1 4 K K K S
B 1 5 K K K K
B 1 6 K K S S
T a b le  3 .4 .3 .1  -  O u tc o m e  o f  in te r a c t io n  s tu d ie s  b e t w e e n  Trichoderma i s o la t e s  a n d  th e  
tw o  b a s id io m y c e te s .  K = c o m p le te  d e a th  o f  th e  d e c a y  fu n g u s ;  S = S u r v iv a l  o f  th e  d e c a y  
fu n g u s ;  * r e d u c e d  c o n c e n tr a t io n  o f  ir o n . B a s id io m y c e t e s ,  N1 =  Neolentinus lepideus 
an d  T v  =  Trametes versicolor. Trichoderma i s o la te s ;  B 1  =  T.aureoviride; B 5 ,  R 2 , R 7  
an d  R IO  =  T.viride; B l l  =  T.harzianutrr, B 1 3 ,  B 1 4  a n d  B 1 5  =  T.pseudokoningii a n d  
B 1 6  =  u n id e n tif ie d  Trichoderma sp e c ie s .
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Figure 3.4,3.1 (a) - Interaction plates between T.viride 60 (RIO) and, Neolentinus lepideus and 
Trametes versicolor on LNM (left) and LNM+reduced iron (right). The basidiomycetes were 
inoculated on die left sides of the plates and the Trichoderma isolates on the right side.
Figure 3.4.3.1 (b) - Interaction plates between T.harzianum 25 (B11) and Neolentinus lepideus and 
Trametes versicolor on LNM (left) and LNM+reduced iron (right). The basidiomycetes were 
inoculated on the left sides of the plates and the Trichoderma isolates on the right side.
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Minimal media Minimal media (low Iron}
r . p s e u d o k o n m g i i  5 1  v s  N . i e p i d e u s  M H B
... ^  4...
v'« • •
T . p s e u d o k o n i n g i i  5 1  v s  T . v e r s i c o l o t
HHHHMHHHHi
Figure 3.4,3.1 (c) - Interaction plates between T.pseudokoningii 51 (B13) and, Neolentinus lepideus 
and Trametes versicolor on LNM (left) and LNM+reduced iron (right). The basidiomycetes were 
inoculated on the left sides of the plates and the Trichoderma isolates on the right side.
Figure 3.4.3.1 (d) - Interaction plates between T.pseudokoningii 64 (B15) and, Neolentinus lepideus 
and Trametes versicolor on LNM (left) and LNM+low iron (right). The basidiomycetes were 
inoculated on the left sides of the plates and the Trichoderma isolates on the right side.
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3.4.3.2 Chemical assay for detection o f  siderophores - CAS (Chrome azurol S) agar 
medium and CAS agar with MEB or LNM  nutrients
Table 3 .4.3.2 shows the extent o f growth, halo size and colour as for all ten selected  
Trichoderma isolates and the two basidiom ycetes grown on CAS, CAS+M EB (malt 
extract broth) and CAS+LNM  (low  nutrients medium). It is  clear from the results in  
CAS+M EB that none o f  the fungi produce any siderophores in  this medium. This is 
likely to be due to the fact that malt extract broth contains very high concentrations o f  
iron and siderophores are only induced when iron level is low . Although fungal growth 
is smaller in both CAS and CAS+LNM , siderophore production by som e isolates is 
much greater in the CAS compared to that o f  the C AS+LNM . Only T.aureoviride 
isolate B 1, produced no siderophores in any o f the three media types (figure 3.4.3.2 (a)). 
Within the T.viride species (B5, R2, R7 and RIO), all produced siderophores in the CAS 
medium, but in the CAS+LNM  medium the halo size was reduced for isolates R2, R7 
and RIO (figure 3.4.3.2 (b)) and not produced with B5. The colour o f the halos however 
remain the same in the two media. T.harzianum isolate B l l ,  shows the highest amount 
o f growth and the largest halo size o f  all isolates in  CAS and CAS+LNM  media (figure
3 .4 .3 .2  (c)). The colour o f  the halo however is very d istinctive from the rest and is  
fluorescent yellow  appearance. Isolates B13 (figure 3 .4.3.2 (d)), B 14 and B15 (figure
3 .4 .3 .2  (e)) T.pseudokoningii, show  m easurable growth and halo size  in the CAS  
m edium , but produce no siderophores in  the C A S+L N M . T hese sp ec ies show  an 
orangey/yellow halo colour like that o f T.viride R7. The unidentified Trichoderma B16  
sh o w s s im ila r  r e sp o n se s  to  that o f  th e T.pseudokoningii is o la te s .  T he tw o  
basidiomycetes (Tv (figure 3.4.3.2 (f) and Nl) also show siderophore production but the 
halos w ere as not w ell defined as in  the Trichoderma iso la tes. They do how ever  
produce a much deeper reddish/orange colouration than the Trichoderma isolates. This 
was observed for both the fungi on CAS and CAS+LNM.
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Trichoderma CAS medium CAS+MEB medium CAS+LNM medium
Isolates Growth Halo Colour Growth Halo Colour Growth Halo Colour
B1 ++ - - ++++ - - ++ - -
B5 ++ ++ orange ++ - - ++ - -
R2 +/- +++ orange +/- - - +/- + orange
R7 +/- + or/ye +/- - - +/- +/- or/ye
RIO +/- ++++ orange +/- - - + +++ orange
Bll +++ +++++ flu/ye +++ - - +++ ++++ flu/ye
B13 + ++ or/ye + - - + - -
B14 +++ + or/ye +++ - - +++ - -
B15 ++ ++ or/ye ++ - - ++ - -
B16 ++ ++ or/ye + - - +++ - -
Tv + ++ red/or + - - + ++ red/or
N1 + ++ red/or + - - + ++ red/or
Table 3 .4 3 .2  - The extent o f  growth, halo size and colour o f the selected ten Trichoderma isolates and two 
basidiomycetes in CAS, CAS+M EA and CAS+LNM agar. Key Increasing (+, ++, +++...) correspond to 
increase in growth o f  fungi or halo size; (-) indicates no growth or halo; or - orange, ye - yellow , flu - 
fluorescent, represent halo colouration. Basidiom ycetes, N1 = Neolentinus lepideus and Tv = Trametes 
versicolor. Trichoderma isolates; B 1 = T.aureoviride; B5, R2, R7 and R 10=  T.viride; B l l  = T.harzianum; 
B13, B14 and B 15 = T.pseudokoningii and B16 = unidentified Trichoderma species.
Siderophore detection
CAS medium CAS + 3% Malt agar
T.aureoviride IMI 91968
F i g u r e  3 . 4 , 3 . 2  ( a )  - S i d e r o p h o r e  p r o d u c t i o n  b y  T .a u r e o v ir id e  I M I 9 1 9 6 8  ( B 1 )  o n  C A S ,  
C A S + M E B  a n d  C A S + L N M .  S i d e r o p h o r e  p r o d u c t i o n  i s  a b s e n t  i n  a l l  m e d i a  i n  t h i s  c a s e .
Siderophore detection
CAS + Minimal medium
CAS medium
T.viride 60 CAS + 3% Malt agar
F i g u r e  3 . 4 . 3 . 2  ( b )  - S i d e r o p h o r e  p r o d u c t i o n  b y  T .v ir id e  6 0  ( R I O )  o n  C A S ,  C A S + M E B  a n d  
C A S + L N M .  S i d e r o p h o r e  p r o d u c t i o n  i s  i n d i c a t e d  b y  t h e  h a l o s  a r o u n d  t h e  f u n g a l  c o r e s .  N o t e  t h e  
o r a n g e  c o l o u r a t i o n  o f  t h e  h a l o s  o n l y  a r o u n d  t h e  c o r e  i n  C A S  a n d  C A S + L N M .
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F i g u r e  3 . 4 . 3 . 2  ( c )  - S i d e r o p h o r e  p r o d u c t i o n  b y  T .h a r z ia n u m  2 5  ( B 1 1 )  o n  C A S ,  C A S + M E B  a n d  
C A S + L N M .  S i d e r o p h o r e  p r o d u c t i o n  i s  i n d i c a t e d  b y  t h e  f l u o r e s c e n t  y e l l o w  c o l o u r a t i o n  u n d e r n e a t h  
a n d  a r o u n d  t h e  m y c e l i u m  in  C A S  a n d  C A S + L N M  b u t  a b s e n t  in  C A S + M E B .
CAS + Minimal medium
Siderophore detection 
CAS medium T.pseudokoningii 51
CAS + 3% Malt agar
F i g u r e  3 . 4 . 3 . 2  ( d )  - S i d e r o p h o r e  p r o d u c t i o n  b y  T .p seu d o ko n in g ii  5 1  ( B 1 3 )  o n  C A S ,  C A S + M E B  a n d  
C A S + L N M .  S i d e r o p h o r e  p r o d u c t i o n  i s  i n d i c a t e d  b y  t h e  h a l o s  a r o u n d  t h e  f u n g a l  c o r e s .  N o t e  t h e  
o r a n g e y / y e l l o w  c o l o u r a t i o n  o f  t h e  h a l o  a r o u n d  t h e  c o r e  i n  C A S  b u t  a b s e n t  in  b o t h  C A S + L N M  a n d  
C A S + M E B .
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F i g u r e  3 . 4 . 3 . 2  ( e )  - S i d e r o p h o r e  p r o d u c t i o n  b y  T .p seudokon ing ii  6 4  ( B 1 5 )  o n  C A S ,  C A S + M E B  a n d  
C A S + L N M .  S i d e r o p h o r e  p r o d u c t i o n  i s  i n d i c a t e d  b y  t h e  h a l o s  a r o u n d  t h e  f u n g a l  c o r e s .  N o t e  d i e  
o r a n g e y / y e l l o w  c o l o u r a t i o n  o f  t h e  h a l o  a r o u n d  t h e  c o r e  i n  C A S  w h i c h  i s  m o r e  d e f i n e d  t h a n  t h a t  o f  
B 1 3 .  T h e  h a l o  i s  a b s e n t  in  b o d i  C A S + L N M  a n d  C A S + M E B .
F i g u r e  3 . 4 . 3 . 2  ( f )  - S i d e r o p h o r e  p r o d u c t i o n  b y  T ra m e te s  v e rs ic o lo r  o n  C A S ,  C A S + M E B  a n d  
C A S + L N M .  S i d e r o p h o r e  p r o d u c t i o n  i s  i n d i c a t e d  b y  t h e  h a l o s  a r o u n d  t h e  f u n g a l  c o r e s .  N o t e  t h e  
r e d d i s h / o r a n g e  c o l o u r a t i o n  o f  t h e  d i f f u s e d  h a l o  a r o u n d  t h e  c o r e  in  C A S  a n d  t h e  m o r e  d e f i n e d  h a l o  in  
C A S + L N M .  N o  h a l o  i s  p r e s e n t  in  C A S + M E B .
1 7 1
3.4.3.3 Isolation and purification of siderophores - TLC o f purified siderophores
H ydroxam ate and p h en o la te  type sid erop h ores w ere extracted  from  the three  
Trichoderma isolates RIO, B l l  and B15 and were then purified and stored at 4  °C in 
their respective extraction solvents (Hydroxam ates in methanol and Phenolates in  
chloroform). The results o f thin layer chromatography (TLC) o f the purified siderophore 
are presented in table 3 .4 .3 .3 . It is  ev id en t from  the R f va lues obtained that the  
h yd roxam ate s id ero p h o re  com p ou n d s are im m o b ile  w h ich  su g g e s ts  that the  
siderophores detected may be either o f Ferrichrome A or Coprogen B type (Konetschny- 
Rapp et al., 1988; Budde and Leong, 1989). These TLC spots could however have both 
o f the hydroxamate type siderophores in them as the R f values on silica gel are the same 
for the two siderophores. Anke et al. (1991) also reported that different species and 
strains of Trichoderma also produce Ferrichrome A  and Coprogen B type siderophores.
The R f values o f the RIO and B l l  phenolates indicate that these isolates only produce a 
single but different phenolate type siderophore. H ow ever B 15 (T.pseudokoningii) 
produces two phenolate types one o f which would appear to be similar to that produced 
by B 1 1 (T.harzianum), as indicated by the R f values. Comparison o f the R f values o f a 
phenolate type siderophore o f the brown rot fungus Goleophyllum trabeum (Jellison et 
al., 1991 a) with that obtained here for Trichoderma, suggests that B l l  and B15 may be 
producing a phenolate type siderophore similar to that o f the brown rot fungus. The R f 
values o f the siderophore extracts from both wood and liquid media o f Gloeophyllum 
trabeum showed a doublet band at 0.88 (Jellison etal., 1991 a). A  similar doublet band 
was recorded in this study with B 15 and a single band with B l l  at R f = 0.86 which is 
very  c lo s e  to that rep orted  by J e l l is o n  et al. (1 9 9 1  a) fo r  G.trabeum. B 1 5  
{T.pseudokoningii) and RIO (T.viride) also showed another set o f  bands at 0 .39 and 
0.017 respectively.
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Trichoderm a Isolates Hydroxam ates Phenolates
R10 0 .0 0.017 cm
B l l 0 .0 0 .8 6  cm
B15 0 .0 0.39, 0.86* cm
T ab le 3 .4 .3 .3  - R f v a lu es  o f  TLC bands o f  h y d ro x a m a tes and p h en o la te s  o f  
Trichoderma isolates R10 (T.viride), B l l  (T.harzianum) and B 15 (T.pseudokoningii). 
* indicates an unusual double band at the same reference point.
3.4.3A Nuclear Magnetic Resonance - Carbon and Proton Spectra
Table 3.4.2A lists the proton and carbon NMR analysis for w ith hydroxam ate and 
phenolate extracts o f the three Trichoderma isolates B l l ,  B15 and RIO. Analysis o f  the 
spectra for the hydroxamate (H) siderophores for the three antagonists, (Appendix II) 
indicates that it is possible that B l l  and B 15 may produce a ferrichrome A  or coprogen 
B type siderophore, how ever the spectra o f  RIO shows the absence o f  any sim ilar  
signals. The low amounts o f  sample available produced poorly resolved spectra and any 
assignments must be considered tentative. The proton spectrum o f  B 11 (H) was w ell 
resolved and the spectrum indicates the presence o f  large amounts o f  aromatic CH, as 
indicated by peaks between 7.2 and 7.6 ppm (parts per million). There is a peak at 1.3 
that is indicative o f C-CH protons while the peaks at 3.2 ppm indicate the possibility o f  
nitrogen associated  groups. The carbon spectrum o f  B l l  (H) supports the proton  
spectrum in concluding that there are aromatic groups in the compound (at 130 and 142 
ppm). There is also a possibility o f  a C = 0  (ketone) group at 160 ppm, and between 60 
and 100 ppm there is the possibility o f  saturated carbons attached to alkyl groups (CH). 
The proton spectrum o f  B15 (H) how ever shows more n o ise  or interference. There 
appears to be som e aromatic CH as indicated by peaks at 7 .5  ppm and also an alkyl 
singlet at 1.3 ppm and a large singlet at 3 .2 indicating a C H -0  bonding. N o carbon 
spectrum could be obtained for B 15 (H) due to small quantity o f  compound.
With the phenolate (P) siderophore spectra it could be concluded that B l l  (P) and B15 
(P) are very sim ilar, in d icating  that they  m ight be producing the sam e type o f
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siderophore as suggested by the TLC results where both B l l  and B 15 showed bands at 
R f = 0.86. The spectra obtained for RIO also indicate presence o f  a different phenolate 
type siderophore.
The proton spectrum o f  B15 (P) indicated the presence o f some alkyl groups between 1 
to 2 ppm and possible presence o f a monosubstituted phenol group between 6.5 and 7.5  
ppm. This is also supported by the carbon spectrum where three peaks at 123, 124 and 
143 ppm show the presence o f  a phenol group. The presence o f  the CH^ and CH 2  
groups can also be seen around 20 and 40 ppm. DEPT (Distortionless Enhancement by 
Polarisation Transfer) carbon spectra was done to confirm the presence o f these CH2  
and CH3  groups, which can be seen as -ve and +ve peaks respectively on the spectrum. 
The proton and carbon spectra o f B 11 (P) are identical to that o f B 15 (P). Only a proton 
spectra could be obtained with RIO (P) due to insufficient amount o f sample, however it 
indicated that there are possibilities o f  a phenolate group in the siderophore molecule.
Obviously other characterisation techniques (MS and IR) would need to be employed to 
fully determine the structure o f  these siderophore compounds. A lso the spectrum were 
more difficult to interpret since the NM R spectra were that o f  a combination o f  each o f  
the hydroxamate and phenolate type siderophores, as produced by any one Trichoderma 
isolate, as separation o f individual bands from TLC would mean even less amounts o f  
sample. But on the basis o f the limited study carried out here with TLC and NMR, it is  
possible to say that the three Trichoderma isolates tested produce both hydroxamate 
and phenolate type siderophores. The hydroxamate types could be grouped under the 
Ferrichrome A or Coprogen B type siderophores. And the phenolates produced by at 
least two o f  the isolates ( B l l  and B15) show possibilities o f  production o f  the same 
type o f siderophores as that o f the brown rot fungus Gloeophyllum trabeum. In addition 
they also seem  to produce other types o f  phenolates that do not resem ble the ones  
produced by the brown rot fungus which may or may not be better chelating agents than 
the ones produced by wood decay fungi.
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3.4.4 Discussion
Fungi, like all other organisms, need a continuous iron supply during mycelial growth. 
Due to the high insolubility o f  iron at physiological pH, it is sequestered with the aid of 
special chelating agents, siderophores, as previously discussed. Iron containing proteins 
and enzymes in  micro-organisms initiate and facilitate som e very important biological 
functions e .g . hydroperoxidases lik e  catalase and peroxidase, electron transfer by 
cytochromes, iron sulphur proteins, nitrogenase, and iron flavoproteins etc (Neilands,
1974). The micro-organisms therefore have to compete with other organisms to acquire 
iron for such essential enzymes.
In the natural environment it is known that micro-organisms come in contact with other 
organisms and have to compete for both essential nutrients (eg., carbon and nitrogen), 
and su pp lem en ts such  as m etal io n s  for grow th . S om e fu n g i an tagon ise  other  
com petitive fungi during interaction by production o f  inhibitory compounds such as 
soluble metabolites, volatiles, enzymes etc as previously discussed in chapter 3 (sections 
1, 2 and 3). H ow ever, on ly  recently has the role o f  iron chelating com pounds, in  
microbial interactions in the rhizosphere been investigated. Plant growth promoting 
activities o f  beneficia l bacteria, for exam ple Pseudomonads, are enhanced by the 
production o f  siderophores. Suppression o f  disease-causing fungi such as Fusarium 
oxysporum or Gaeumannomyces graminis can be achieved not only by addition o f  
pseudom onads to conducive so ils but also by adding their purified  siderophores  
(Kloepper et al., 1980 a, b; Neilands and Leong, 1986; Schippers et al., 1987; Sneh et 
al., 1984).
Protection o f  plants against soil-borne fungal diseases has also been achieved w ith  
certain fungi. Strains o f  T.harzianum and T.hamatum have been used  to control 
damping o ff o f  bean, tomato, and egg-plant seedlings or black-root rot o f strawberries 
(Chet, 1987; C ook and Baker, 1983). M any Trichoderma have been show n to be 
mycoparasitic, however production o f  siderophores and their role in antagonism by 
these fungi has not been investigated. For growth and survival in a low  nutrient, iron 
limited environment like the rhizosphere or wood, the ability to compete successfully
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for iron might play an important role. Another reason to account for the lack o f  study o f  
siderophores as an antagonistic mechanism against wood decay fungi is that interaction 
experiments have been undertaken on h igh nutrient media, like malt extract agar in  
w hich  the e ffec t o f  such  iron chelating com pounds w ould  not be detected . This 
mechanism however could play a crucial role in the rhizosphere or w ood where there is 
a low  availability o f metals ions.
Recently Buyer et al. (1989) devised a new growth media for the study o f  siderophore- 
m ed ia ted  in tera c tio n s, ca lled  the rh izosp h ere m edium  (R SM ). T he in o rg a n ic  
constituents o f  this medium were designed to mimic the rhizosphere while the organic 
composition was designed to promote rapid growth and siderophore production. They 
found that antib iosis experim ents w ere h igh ly  reproducible and pseudobactin , a 
siderophore produced by a Pseudomonas putida strain, seem  to be responsib le for 
antagonising the growth o f the take-all fungus Gaeumannomyces graminis var. tritici. 
In order to ensure that the results obtained in artificial media as part o f  this study would 
be indicative o f  natural interactions in  w ood, studies were carried on a lo w  nutrient 
media devised, to provide a closer nutritional representation o f  wood. Neilands (1984 a) 
has reported that siderophore production is induced when the iron concentration is 
between 0.1 and 10 pM. The low  nutrient media with the low er concentration o f  iron 
(0 .6 5  pM ) w as therefore used  in  order to study the im portance o f  sid erop h ore  
competition as an antagonistic mechanism.
The interaction o f the selected ten Trichoderma isolates with the two basidiomycetes in 
the low  nutrient media at the two different iron levels produced some interesting results 
(table 3.4.3.1). It was clear that the outcome o f interactions seen on the LNM  were not 
always reproduced in the LNM+reduced Fe.
The results indicated that although browning at or near the interaction zone indicated in 
most cases death o f the brown rot fungus no browning was required to signify death o f  
the white rot fungus. In most cases interaction/kill with the brown rot fungus showed  
browning in both media (with the exception o f B13 and B 15; Figure 3.4.3.1 (c) and (d)) 
however it was found that the browning was more intense in many interactions on the
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reduced iron media. Interactions with the white rot fungus however failed to show any 
browning on both the media. Other authors have reported (Rayner and Webber, 1984) 
that interaction between organisms on artificial media, can either lead to deadlock, in 
w hich the m ycelium  o f  each com batant is  unable to enter the other’s dom ain, or 
replacement where elimination of one by the other results. There may be inhibition o f  
extension by one or both colonies, which may result in pigment production, lysis, and/or 
major morphological changes. The latter may include production o f  m assed fronts o f  
hyphae, sometimes aggregated into distinctive linear organs or pseudosclerotial plates, 
w hich serve to hold  or extend domain. Interactive events m ay often  b egin  before  
contact, and may indicate the involvement o f  broad-range antibiotics, generation o f  an 
unfavourable pH, or p o ssib ly  the a cq u isitio n  or co m p etitio n  for iron  b etw een  
siderophores o f  the antagonist and target fungi (Rayner and Webber, 1984).
In the case o f  brown rot fungi, the p igm ent released  during brow ning m ay be an 
indication o f  the intensity o f  inhibition as either, 1 ) a defence mechanism (by formation 
o f pseudosclerotial plates) or 2) as a result o f  cell death and leakage (senescense). The 
release o f such pigments may be as a result o f  damage caused by lytic enzym e activity 
like that discussed in section 3. Chesters and B ull (1963) in  their investigation o f  p- 
glucanase activation, that was restricted to cellulases and laminarinases showed that in 
the presence o f  F e J and other m etal ions the enzym e activ ity  w as s ign ifican tly  
increased. They concluded the stim ulatory e ffect o f  such ions on lam inarinase is  
probably a result o f  loose binding o f  the ion to the enzyme and substrate thus inducing 
configurational and/or energetic modulations which enhanced the rate o f hydrolysis. It is 
p ossib le  that the Trichoderma iso la te s  tested  in  this study are m ore e ff ic ie n t  at 
sequestering iron from the medium and that this indirectly increases their lytic enzym e 
activity and therefore caused increased cell death, as indicated by the more intense  
browning o f the brown rot fungus in the low  iron medium. This mechanism is perhaps 
more significant in the case o f the antagonism exhibited by isolates B 11 and RIO, which 
produced more intense browning o f  the Neolentinus lepideus m ycelium  in  the LNM  
containing reduced levels o f iron.
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With white rot fungi, however the browning seen during interaction has been related to 
the formation o f melanin pigments (Collins et al., 1963), which may be due to cell death 
and leakage (senescense) or as a defence mechanism. Molecular aspects o f  cell death 
has been studied with the filamentous fungus Podospora anserina (Esser, 1990). In the 
case o f  inter-specific interaction betw een Phlebia radiata and Stereum hirsutum 
(W hite and Boddy, 1992) and intra-specific antagonistic interactions o f  P.weirii (Li,
1981) on agar m edia p igm ented zone lin es w ere noted, w hich  produced stronger 
phenoloxidase and peroxidase reactions at the interaction zone than the adjacent areas. 
Browning o f  fungal tissues resulting from enzym ic oxidation o f  phenolic substrates by 
phenoloxidases and peroxidases has been com m only observed (Collins et al., 1963). 
The initial products o f oxidation are usually o-quinones, which being highly unstable, 
undergo polymerisation to yield dark melanin-like pigments o f  high molecular mass. 
The relationship between the presence o f  melanin, or m elanin-like pigm ents in fungi 
and resistance to microbial lysis has been demonstrated (Lockwood, 1960; Linderman 
and Toussoun, 1966; Potgieter and Alexander, 1966, Bloom filed and Alexander, 1967; 
Kuo and Alexander, 1967 and Bull, 1970). B ull (1970) reported that m elanins can 
function as a physical barrier, preventing access by cell wall-degrading enzym es o f  
other organisms.
These enzymes, i.e., phenoloxidases and peroxidases have protoporphyrin IX prosthetic 
groups that have a single ion centres for Cu^+ and Fe^+ respectively. Therefore absence 
or unavailability o f  these ions w ill result in  lack o f  activity o f  these enzym es. It is  
possible that during the interaction between white rot fungi and Trichoderma species, 
the ability o f  the antagonist to sequester the iron by siderophores in  the m edia more 
efficiently results in  1) lack o f growth o f  the white rot due to iron deficiency and 2 ) lack  
o f ability to use the peroxidase enzymes to produce melanin or melanin-like pigments 
that are thought to provide resistance to microbial lysis. However, the phenoloxidases 
and peroxidases require the presence o f  phenolic substrates from which the melanin is 
eventually produced (Chet and Henis, 1969). Though no phenolic compounds were 
included in the low  nutrient media, it is  known that m icro-organism s can convert 
aliphatic amino acids, like asparagine, that was added to the medium, to aromatic amino 
acids like phenylalanine, tyrosine, tryptophan etc. by the sikimic acid pathway and these
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may be som e o f  the initial aromatic compounds needed for the synthesis o f  melanin  
pigments (Lehninger, 1982).
Chet and Henis (1969) showed that presence o f  chelators like disodium-EDTA in the 
growth media prevented melanin-like pigment formation by the sclerotia o f the fungus 
Sclerotium rolfsii which made them susceptible to laminarinase and chitinase enzymes. 
It is possible that the chelators affected pigment production by sequestering all the iron, 
indirectly making the fungal mycelium more susceptible to attack by lytic enzymes. It is 
interesting to note that interactions in the malt extract agar between Trichodertna and 
the Trametes versicolor (Chapter 2) showed browning at the interaction zones and it can 
be speculated that this is due to lack o f  competition between siderophores in the malt 
medium due to plentiful supply of iron, which allows activity o f  enzym es involved in  
pigm ent production. In the LNM  with reduced iron how ever due to com petition by 
siderophores its availability is limited to the phenoloxidase enzymes indirectly affecting 
pigment production. Therefore in the former medium there was free available iron for 
the production o f pigments either as a defence mechanism or due to cell leakage after 
interaction with the antagonist.
This lack o f  browning after a killing effect is  also seen during the interaction with  
N.lepideus, but only with T.pseudokoningii isolates B 13 and B 15. B13 (figure 3.4.3.1
(c)) does not show  any browning in interaction w ith the brown rot fungus in either 
media type, however B 15 (figure 3.4.3.1 (d)) shows browning in the high iron media  
which is absent in the low  iron media. This latter isolate was different from the others in  
producing an orangey/yellow siderophore colouration in the agar. W hile white rot fungi 
produce m elanin  p igm ents as a resu lt o f  p h en o lox id ase enzym e a ctiv ity  during  
interaction  w ith  other fu n gi, this en zym e cou ld  not be resp on sib le  for p igm en t  
production in the brown rot fungus, since white rot fungi are unique in production o f  
these extracellular phenoloxidases and peroxidases. This fact is often used as a means o f  
distinguishing the two decay types (Stalpers, 1978; Poppe and W elvaert, 1983). It is  
p ossib le that the pigm ents produced by brown rot fungi are b iosynthesised  by an 
entirely different pathway, however to date there is very little information published on  
this area. Brown rot fungi how ever have been show n to produce phenolate type
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siderophores (Jellison etal., 1991), biosynthesised from aromatic precursors, which are 
generally produced by the sikim ic acid pathway o f  m icro-organism s (Y oung et al., 
1967; Lankford, 1973, Robinson etal., 1992). It is possible that these aromatics can also 
be used for production o f  som e type o f  pigm ent as they usually form the precursor 
substrates for most pigment production.
The growth o f the Trichoderma isolates on the chrome azurol S medium (CAS), and the 
other two media amended with nutrients o f  the low  nutrient medium (CAS+LNM ) and 
malt extract agar (CAS+MEA), indicated that siderophore production is induced in both 
CAS and CAS+LNM  but not in  CAS+M EA, as the iron content in  this medium is too 
high for its induction. However, there was a certain degree o f  variation in the size o f  
halos and colour in the two media. Schwyn and Neilands (1987) in order to ascertain the 
behaviour o f different types o f  mutants for siderophore production used the enterobactin 
o f Escherichia coli and examined the pattern o f  halo formation on CAS medium. W ild  
type strains only produce leve ls  o f  siderophores to satisfy their requirements for the 
metal, and as a result produces relatively small halos around the colonies when grown 
on CAS medium. Due to polym erisation o f  the blue dye, d iffusion  o f  siderophores 
seems to be minimal and the zones are w ell focussed.
A  mutation in  the ferric uptake regulation (fur) gene is known to result how ever in  
constitutive derepression o f the high affinity iron uptake system, resulting in wider halos 
than the wild type (Hantke, 1981). Other strains containing a mutation in  the transport 
gene (fepB ) may deprive its e lf  o f  iron by its own siderophores. C onsequently the 
synthesis and excretion o f  enterobactin is fully turned on but the organisms growth is 
very slow, which results in large halos around small colonies. Other types o f  mutants 
are blocked at different points in the siderophore biosynthetic pathway, for exam ple  
they can be deficient in the production o f  the intermediate 2,3-dihydroxybenzoic acid, or 
cannot use such compounds for synthesis o f  enterobactin (Neilands, 1981 b). These  
strains do not show any halo, although they are able to grow and must obtain iron via a 
low  affinity pathway. It is possible that similar genetic mutants are found in  fungi and 
this may account for the different types o f halos produced by the Trichoderma isolates 
in this study. For example with T.aureoviride isolate B l ,  no halos were evident in CAS
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large halos w ith very little  growth (Figure 3 .4 .3 .2  (b)) and this cou ld  be due to a 
mutation in the fungal siderophore genes that affect iron uptake or transport.
Such variations in the amount o f siderophores produced may be very significant for 
biocontrol o f  wood decay fungi. For example the mutants that have an ineffective ferric 
uptake mechanism or a defective transport gene may produce excess siderophores as 
indicated by their wider halos and slower growth, which may result in binding o f  the 
majority o f  the iron and deprive the w ood decay fungi thereby o f  iron inhibiting their 
growth and decay activity. If the siderophores produced by the Trichoderma isolates  
have a h igher or equally  good  stab ility  constant to those o f  the b a sid io m y cetes  
siderophores then, iron w ill randomly change chelators and remain bound to the one 
with the higher affinity (Winkelmann, 1973). In general the phenolate type siderophores 
have a higher affinity than the hydroxamates. It has been shown by TLC and the NMR  
studies carried out here that Trichoderma species can also produce phenolate type 
siderophores, (previously thought to be unique to basidiom ycetes) and it is  therefore 
plausible that the chelating ability o f  the phenolate siderophores which are produced 
will enable these antagonists to compete more efficiently for the iron (Srinivasan et al.,
1993).
Receptor sites for siderophores on the fungal cell membranes are o f  equal importance as 
the concentration o f  the siderophore produced. W inkelmann (1990) has found that 
irrespective o f the actual mechanism involved in the uptake o f iron, specific recognition 
o f the appropriate siderophore by membrane components is a major determinant o f iron 
uptake. The stereochemical structure, i.e ., the amino acid backbone and the residues 
near the metal center, all play an important role in the recognition o f the siderophore at 
the receptor site. It has been noted frequently in bacteria that although they may be 
deficient in  siderophore b iosynthesis, they possess m ultiple siderophore receptors, 
including receptors for fungal siderophores. Under iron stress for example, Escherichia 
coli ex p resses  at lea st four siderophore receptors Fhu A (ferrich rom e), Fep A  
(Enterobactin), Iut (aerobactin), Fhu E (coprogen) and an additional iron-di-citrate 
system (Braun and Winkelmann, 1987). A  similar situation is found with Arthrobacter 
and related organisms where transport o f  ferrioxamines and ferrichromes is observed
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(Huschka et al., 1986). W hile other microbial species, such as Streptomyces pilosus, use 
a lo w  sp ec ific ity , h ig h -a ffin ity  transport system  that reco g n ises  m ore than one  
siderophore type. Irrespective o f the strategy, such versatility may provide an advantage 
under F e-lim itin g  cond itions a llow ing u se o f  siderophores produced by another 
organism (Crowley et al., 1991).
Thus, iron from fungal siderophores is not only utilised by fungal strains but also by 
bacteria which do not produce them or which even depend on siderophores as growth 
factors (Demain and Hendlin, 1959). The fact that prokaryotic organisms are capable o f  
such survival strategies, it cannot be ignored that this might also be applicable to the 
eukaryotic fungi, that grow in very nutrient lim iting environments and may em ploy  
similar strategies for iron acquisition. Though there is very little evidence from genetic 
studies that fungi employ such strategies, the fact that certain fungal siderophore types, 
eg., ferrichromes, are commonly produced by a w ide range o f  fungi which in addition 
also produce other types o f  siderophores, suggests that they may have more than one 
siderophore receptor. Studies carried out with the fungus Neurospora crassa showed  
competition between the ferrichromes and the coprogens, and it was concluded that they 
may have a common transport mechanism (Huschka et al., 1985). However Neurospora 
crassa does not transport ferrirubin and ferrichrom e A  w hich  do not fit into the 
receptors o f  the transport system for that fungus (Winkelmann, 1974). Thus the ability 
o f fungi to possess specific receptors for siderophore uptake may be used as a survival 
strategy, where they may be able to mimic receptor sites o f  more than one siderophore 
or change the same receptor site to allow entry o f  more than one type o f  siderophore, 
eg., Penicillium spp. (Winkelmann, 1990). If  Trichoderma spp. in the vicinity o f wood  
decay fungi were capable o f such strategies then they could deprive the decay fungi o f  
iron that is important for growth.
Such receptor sites in bacteria have been shown to be blocked by an array o f  lethal 
agents including antibiotics, bacteriophages, and bacteriocins (Neilands, 1979). It is 
possible that even fungal siderophores or other metabolites produced by them can also 
affect siderophore receptors o f their target pathogen and deny them o f iron. A few  non- 
selective antibiotics such as stemphyloxins, syringomycin, marasmins, furasic acid, and
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ascorbitine, exhibit chelating properties (Barash and Manulis, 1986). These compounds 
share som e properties w ith siderophores, nam ely, regulation by iron and sp ecific  
binding o f ferric ion. However, they differ from siderophores in  their dependence on  
low  iron concentration for biosynthesis and a distinctive, low er binding constant for 
ferric ion (Manulis et al., 1987 a). Such phytotoxic chelates produced against plants by 
fungi could also be produced against other fungi as a defence m echanism , and it is 
possible that the killing effect seen in iron sufficient media (LNM) may be due to such 
antibiotics that have a dual role of being toxic and capable o f iron assimilation at higher 
iron concentrations than that o f  siderophores. This w ill enable the fungus to not only  
sequester iron in the media more efficiently, but also to have an antibiotic effect that 
will retard growth and result in death o f  any competitors.
Triacetylfusigen, a siderophore produced by many Aspergillus and Penicillium species 
w as a lso  noted  by A nke (1977) to p o ssess  an an tib io tic  e ffec t. T hough  several 
trihydroxam ates excreted  by actinom ycetes e .g . siderom ycins and nocardam ine  
(desferroxamine E) were known for their antibiotic activity (Stahl, 1967, as cited in  
A n k e, 1 9 7 7 ), A nke (1 9 7 7 )  was the f ir s t  to  sh ow  th e a n tim icro b ia l e f f e c t  o f  
triacetylfusigen. Anke (1977) found that the antibiotic activity was dependent on the 
composition o f  medium under test. On addition o f  the siderophore to the medium only 
bacteria were found to be sensitive. W hen grown on a minimal medium however most 
organisms were found to be sensitive. Even yeasts becam e sensitive to som e extent 
when grown on minimal media. This antibiotic activity could be eliminated on addition 
of iron (III).
The production o f  siderophores by Trichoderma with higher affinity than that o f the 
basidiomycetes siderophores, apart from playing an important role in the inhibition o f  
growth may also affect the enzymic degradation o f  wood by the basidiomycetes. Many 
mechanisms involved in wood degradation may be affected by the absence o f iron.
A currently held hypothesis considers that as enzym es are unable to penetrate into the 
wood cell wall and cause degradation, because the micropores (sub-m icroscopic size  
holes, known to ex ist in;the w ood cell w all) are not large enough to a llow  enzym e
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penetration, a separate non-enzym atic system  involving metal ions (iron or perhaps 
manganese or copper), and a radical generating system may be involved (Highley, 1980; 
Koenigs, 1974; Murmanis et al., 1988 a). This system, is thought to operate as an initial 
decay step within the cell wall, opening up the pores to allow the enzymes to penetrate 
the microstructure. Degradation patterns differ between different types o f decay fungi; 
however, non-enzymatic degradation system s have been proposed for both o f  the two 
basic types o f decay; brown-rot and white-rot (Srebotnik and Messner, 1988; Srebotnik 
etal., 1988).
Brown-rot decay fungi primarily degrade cellulose and hem icellulose, often degrading 
cellu lose in a process similar to acid hydrolysis, at a rate in excess o f  what they can 
utilise. An enzyme capable o f duplicating these effects in wood has never been isolated  
from a brown-rot fungus and cellulase enzym es thus far isolated are too big to diffuse 
freely into the wood microstructure. Brown-rots produce a constitutive enzyme complex 
with endo-l,4-p-D-glucanase activity, but many brown-rot fungi apparently lack exo-p- 
1,4-glucan cellobiohydrolase activity (Kirk and Cowling, 1984). Involvement o f  a non­
protein hydrogen peroxide/iron system via an oxidative mechanism has been suggested  
as an explanation  for the ability o f  brow n-rot fungi to v igorously  degrade w ood  
cellu lose in the absence o f  detectable exo -l,4 -p -g lu can ase activity (H ighley, 1980; 
Koenigs, 1974).
W hite-rot fu n gi produce e n d o -l,4 -p -g lu c a n a se s , e x o - l ,4 -p -g lu c a n a s e s  and p- 
glucosidases which act synergistically to degrade cellu lose (Shoemaker, 1985), and a 
n on -en zym atic d epolym erisation  agent a lso  appears to p lay a role in  w h ite-ro t  
degradation. Further insight into cellulose and hemicellulose degradation by both brown 
and white fungi can be obtained from numerous recent studies on the filamentous fungi 
(Enari, 1985; Shoemaker, 1985; Warren, 1986; Knowles etal., 1987).
Lignin can be completely metabolised to CC>2 by white-rotting fungi. Several enzym es 
are involved in lignin breakdown including lignin peroxidase, manganese peroxidase, 
laccases, and oxidase. Lignin peroxidase catalyses the H2 O2  dependent oxidation o f  
lignin. Substrates can be oxidised by 1 or 2 electrons. The main isozym e form o f  the
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enzyme is a glycoprotein with a molecular weight o f 41,000 daltons. The enzyme is o f  
broad specificity, and is capable of causing the partial depolymerisation o f  lignin. Since 
the isolation o f  the first ligninase, other enzym es capable o f  participating in lignin  
break-down have been isolated with specific lignin  peroxidases isolated in  m ultiple 
forms (Kirk et al., 1986). A ll ligninases examined have a single iron protoporphyrin IX  
prosthetic group. Another ligninase, Mnll-dependent peroxidase, has also been isolated  
(G lenn and G old, 1985). This enzym e is a 4 6 ,0 0 0  MW  glycoprotein  w ith a hem e 
prosthetic group and is  dependent on both ^2 ^2  anc* M nll f ° r activity. Unlike other 
extracellular ligninases the M nll peroxidase appears to be associated closely with the 
fungal hyphae (Paszczynski etal., 1986).
Iron and other m etals such as m anganese, play a role in  b io log ica l degradation as 
essential elements for fungal metabolism and growth. And it is clear from examining the 
mechanisms involved in wood degradation that in addition, iron also plays an important 
role in biodegradation o f wood as : 1 ) a component o f  the extracellular heme enzym es 
involved in white-rot degradation (Paszczynski etal., 1988; Tien and Kirk, 1983); and 
2 ) possibly in brown-rot organisms in a non-enzymatic iron/hydrogen peroxide catalysis 
o f cellulose degradation (Highley, 1980; Koenings, 1974; Murmanis etal., 1988 a).
To solubilise and sequester ferric iron basidiomycete fungi also produce siderophores 
like many other fungi. The ability o f selected decay fungi to produce siderophores has 
been demonstrated (Fekete et ah, 1989) using a modification o f the Chrome Azurol-S  
assay (Schwyn and Neilands, 1987) and a rapid paper electrophoresis assay (Fekete et 
al., 1983). The compounds isolated from the decay fungi were found to be phenolate in 
character. E vidence o f  b io log ica l chelators being produced was obtained for ten  
degradative fungi with some organisms, such as Trametes versicolor, showing evidence 
o f producing up to three forms o f iron chelating metabolites (Fekete et al., 1983 and 
1989).
These authors have isolated siderophores from Gloeophyllutn trabeum (brown rot) and 
Trametes versicolor (white rot) and have demonstrated the iron-repressibility o f  these 
chelators. Experiments by Dolphin, 1986, Dolphin et al., 1987, and Paszczynski et al.,
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1988, which demonstrated activity o f different porphyrins and non-biological chelators 
on lignin, suggest the possibility of direct involvement o f siderophores in the process of  
wood degradation.
The mechanism behind enzyme penetration into the wood cell wall is still unclear and it 
is possible that enzym es penetrate the w ood cell wall only in  late stages o f  cell wall 
attack. H ow ever, there is  som e ev id en ce  to su ggest that large m olecu lar w eigh t  
glycoproteins such as degradative enzym es could m ove into existing m icrovoids in  
som e plant tissue cell walls prior to extensive cell wall attack (Jellison and G oodell, 
1988). An alternative hypothesis has been put forward by Jellison et al., 1990 for the 
mechanism o f degradative fungal action in wood. Jellison et al. (1990) also suggested  
that the action o f metal-chelating siderophores produced by decay fungi may function to 
chemically modify unspecified groups within wood similar to the function o f  synthetic 
chelator com pounds reported previously  by other researchers. A t this point, it is  
unknown how closely siderophores may associate with enzymes, or i f  they can function 
in wood to penetrate into the wood cell wall, potentially "opening" the w ood structure 
for further enzymatic attack.
Apart from having an important role in  the biodegradation o f  w ood iron may also be 
involved indirectly in the production o f  the hyphal sheaths by the wood decay fungi that 
are thought to carry the enzym es to sites o f  degradation. The in vo lvem en t o f  an 
extracellular glycan sheath in wood degradation has been shown for Phanerochaete 
chrysosporium (white-rot) (Ruel and Joseleau, 1991) and has been investigated for the 
brown-rot fungi (Green et al., 1991 a, b; Green et al., 1989 b). Iron regulation o f  
capsular polysaccharides has been shown for Azotobacter chroococcum B - 8  (Ferrala et 
al., 1986; Fekete et al., 1987). If the sheath thickness o f  w ood  decay fungi is  also  
dependent on iron concentration , then it m ay be reasonab le to su g g est that the  
sequestering o f  iron by siderophores would influence glycan sheath production. Since 
these glycan sheaths apart from being carriers for degradative enzym es may also be 
involved in the protection o f  mycelium from attack by soluble and volatile antibiotics, 
as d iscu ssed  earlier in  Chapter 3, n on -ava ilab ility  o f  the iron needed  for sheath
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production due to com petition  by siderophores m ay facilita te antagonism  by the 
Trichoderma.
Som e indirect evidence exists on the effect o f  non-biological chelators and som e iron­
binding siderophores on brown-rot decay. Viikari and Ritschkoff, (1992) have shown  
that brown-rot decay was prevented by chelating the endogenous metals in wood. The 
fungal growth and decaying ability o f  se lected  basid iom ycetes were sign ificantly  
decreased by the chelating treatments o f  the solid wood-based culture medium and pine 
wood pieces, respectively. Siderophores o f antagonists like Trichoderma may also limit 
decay in wood by a similar mechanism.
It is clear however that siderophores are likely  to have an important role to play by 
sequestering iron for the purpose o f enzymatic activity or non-enzymatic degradation o f  
wood. If the presence o f  another organism such as Trichoderma in the vicinity o f  the 
basidiomycetes competes for the limited available iron that is needed for the functions 
o f  degradation it can indirectly  a ffect the grow th o f  the organism . The fact that 
Trichoderma have also been show n to produce the phenolate type siderophores 
(Srinivasan et al., 1993) like basidiomycetes, that are more effective iron chelators than 
hydroxamates, strengthens the arguement for siderophore competition in biocontrol o f  
wood decay fungi.
To establish their role and inorder to totally understand their potential for competition  
w ith  basid iom ycete  siderophores it is  im portant to estim ate the rate and type o f  
siderophore production by Trichoderma spp. Radiolabelled siderophores may be used 
to determine the formation constant o f purified siderophores. Rate o f  production o f  the 
siderophores however w ill be very much dependent on the environm ent o f  growth  
whether in artificial media or in wood.
If it is possible to retard growth o f  basidiomycetes and eliminate wood degradation by 
depriving these fungi o f iron, therefore this m ight be a very important biotreatment 
method to protect wood and may allow the development o f  a specific, efficient and non­
toxic wood preservative system.
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Chapter 4
Basidiospores
Chapter 4
Inhibition of Basidiospore Germination
4.1 Introduction
B asid iom ycetes represent the largest and m ost h igh ly  evo lved  class o f  fungi w ith  
approximately 15,590 species. Complex life  cycles including the production o f  many 
d ifferen t typ es o f  spores are com m on in  b a sid io m y cetes . Spore typ es in c lu d e  
basid iospores, pycn iospores, aeciospores, uredospores, te liospores, con id ia , and 
chlamydospores (Weber and Hess, 1976). In comparison to the morphological diversity 
o f other spores, basidiospores are rather more uniform. Typically, they are unicellular, 
but transversely septate spores are found in certain groups. In shape, they vary from  
globose, sausage-shaped, fusoid and almond-shaped, and may contain ridges or folds. 
The colour o f  basidiospores is  an important criterion o f classification. They may be 
colourless, white, cream, yellowish, brown, pink, purple or black (Webster, 1980).
Most screening o f  potential biocontrol agents o f wood decay fungi has previously been  
undertaken against b asid iom ycete m ycelium . S im ilarly  experim ents d esign ed  to 
evaluate the m echanism s in vo lved  in  antagonism  (so lu b le  m etab olites, v o la tile  
antibiotics, lytic enzymes and siderophores) between biological control agents and target 
fungi have always been carried out using mycelial inocula. Basidiospores are a primary 
source o f  in fection  lead ing  to decay o f  w ood  exp osed  above ground and are the 
pathogenic form  o f  the target fungus that is  first in  contact w ith  the b iocon tro l 
antagonist. H ow ever m ost o f  the experim ents undertaken as part o f  this study to 
evaluate the potential o f  biocontrol agents has involved  the use o f  m ycelial inocula  
rather than basidiospores. Studies on the prevention o f  basidiospore germination require 
a large supply o f  v iable basidiospores. Such basid iospores are d ifficu lt to obtain  
naturally and asceptically at an appropriate time for experimentation.
Previous research on in vitro carpogenesis and basidiosporogenesis o f  various w ood  
decay basidiom ycetes has demonstrated the variability o f  the process (M orton and 
French, 1966; Schm idt and French, 1977; Bjurman, 1984, 1987, 1988; Croan and
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Highley, 1992). Induction o f  cultures to produce carpophores and basidiospores in vitro 
is a difficult task. Consequently, little information is available on mass production o f  
basidiospores in vitro and factors affecting it, m ost researchers therefore have studied 
the e ffe c t  o f  in h ib ition  o f  the m ycelia l grow th o f  w ood  d ecay  fungi rather than 
basidiospore germination.
T od ate no w ork has b een  p u b lish ed  w ith  regard to the a n ta g o n istic  e f f e c t  o f  
Trichoderma spp. against basidiospores. The work reported in this chapter examines the 
inhibitory effect o f  soluble metabolites and volatile antibiotics o f  Trichoderma spp. 
against wood decay basidiospores.
M aterials and M ethods
The Trichoderma isolates used as antagonists are the ten strains selected previously on 
the basis o f interaction studies in chapter 2. The basidiospores used as target pathogens 
consisted of, the brown rot fungus, Neolentinus lepideus (M AD-534) and two white rot 
fu n g i, Trametes versicolor (M A D -6 9 7 ) and Phanerochaete chrysosporium 
(K arsten )(B K M  F 1 7 6 7 ) . A lso  u sed  w ere the sp ores o f  th e sa p -sta in  fu n g u s , 
Aureobasidium pullulans (deBary) Amand (MDX 18), and conidia o f two mould fungi, 
Aspergillus niger van Trieghens and an unknown Trichoderma spp. A ll spores used  
were kindly provided by Suki Croan, Forest Products Laboratory, Madison, Wisconsin.
4.2 Viability Test o f Basidiospores
Once spores had been harvested onto grease proof papers, they were freeze dried at a 
low  temperature for 2 to 3 hours and sealed in air tight petri dishes and stored at 2 °C. 
The viability o f basidiospores were tested according to the following procedure. Small 
pieces o f  the paper with the basidiospores w ere cut asceptically  and suspended in  
0.005% tween (sterile) by vortexing vigorously for a few  seconds, the paper was then 
immediately removed asceptically (the tween prevents the basidiospores from clumping 
together). This suspension was then treated as the stock solution o f basidiospores. To 
determine the number o f basidiospores in the stock solution a total count was done with 
the aid o f a haemocytometer ( 1:1  volume o f trypan blue dye (%) with the stock solution 
made counting easier). Plates o f M EA and LNM  were inoculated over a diameter o f 3
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cm at the centres o f  the plate with either the stock solution o f  the basidiospores or a 
sam ple d ilu ted  in  sterile  water. D ilu tio n s  w ere m ade so that the total count o f  
basidiospores plated ranged between 200 to 400 spores / 3  cm (diameter) area for ease 
o f viability counting. These plates were then incubated at 25 °C overnight in the dark. 
V iability counts were done by noting the number o f  germinated and non-germinated 
b a sid io sp o res after the in cubation  p eriod  w ith  the aid o f  a m icro sco p e  (x 1 0 0  
magnification). All basidiospores used in the tests that follow  had viabilities around 80 
%.
Effect o f  selected modes o f antagonism against basidiospores
The antagonistic e ffec t o f  the ten se lec ted  Trichoderma iso la te s  w ith  regard to  
production o f  inhibitory solub le m etabolites and v o la tile  antib iotics against the 
basidiospores o f the brown rot fungus N.lepideus (MAD 534) and the white rot fungus 
T.versicolor (MAD 697) was tested.
4.2.1 Inhibition o f Basidiospores by Soluble Metabolites
Cores o f  Trichoderma isolates (0.6 cm in  diameter) were inoculated centrally onto 
plates o f each o f the two media by (3 % ME (Oxoid L39), 2% Nobles agar (Difco B 142) 
and LNM  autoclaved at 121 °C for 15 min) and incubated for 4  days at 22 or 25 °C. 
These plates were then covered with a sterilised circular piece o f cellophane membrane 
(8.4 cm diameter discs autoclaved at 121 °C for 15 min in glass petri plates) to exactly 
cover the agar surface. These plates were then inoculated centrally with 1 ml o f  either 
N.lepideus or T.versicolor basidiospores (200, 000 spores/ml) and the spores spread 
evenly over the cellophane with a sterile bent glass rod. Four replicate plates were set up 
per treatment. The control plates consisted o f  plates o f  both media types (uninoculated 
with Trichoderma) overlayed with cellophane and inoculated  w ith either type o f  
basidiospores. The plates were checked on a daily basis for germination o f basidiospores 
with the aid o f  a binocular microscope (X 40 magnification) for a period o f 10 days.
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4.2.2 Inhibition o f Basidiospores by Volatile Antibiotics
Agar plates o f  each medium  (3% M E, 2% N obles agar and LNM ) were inoculated  
centrally (0.6 cm diameter core) with each o f  the Trichoderma iso lates and the two  
basidiospores spread on either media types (1  ml containing approximately 2 0 0 , 0 0 0  
spores). Plates containing basidiospore inocula were covered with a sem iperm eable 
polythene membrane and inverted over the plates containing individual Trichoderma 
iso la tes  and incubated at 22  or 25 °C. Four replicates w ere set up per treatm ent. 
Appropriate controls for each medium consisted o f plates o f  either basidiospores on the 
respective media superimposed over uninoculated plates o f  the same media. The plates 
were checked daily with the aid of a binocular microscope (X 40 magnification) over a 
period o f 1 0  days.
4.2.3 Antifungal Activities o f  Soluble Metabolites using Plate Bioassays
The ten Trichoderma isolates were inoculated (one 0.6 cm diameter plug per flask) into 
500 ml o f each o f  the two media types (3 % ME and LNM) and grown for 14 days at 22 
or 25 °C. After the incubation period the fungal mycelium was removed by filtration and 
the culture filtrate sterilised by passing through a 0.45 p,m sterile m embrane filter  
(Whatman) and then passed through a membrane filter with a 1000 dalton m olecular 
weight cut o ff to remove any enzymes in the filtrate. The filtrates were then lyophilised  
to concentrate the soluble metabolites. The lyophilised filtrates were resuspended in 10 
ml o f sterile distilled water to achieve a 50 fold concentration o f  the antifungal agent.
To test the activity o f the inhibitory substances released by the Trichoderma isolates a 
plate bioassay (Croan and H ighley, 1991) was carried out as fo llow s. Separate 1 ml 
spore suspensions o f either N. lepideus, T. versicolor, P. chrysosporium, A. pullulans, 
A. niger or the unidentified Trichoderma isolate (200, 000/m l for conidia and 400 , 
000/ml for basidiospores) were spread plated onto 2% ME, 2% Nobles agar plates. Six 6  
mm diameter wells placed equidistant from one another were cut with a cork borer and 
100 (ill o f the concentrated filtrates o f  all the Trichoderma isolates grown on each o f  the 
two media were pipetted into the wells. Also added in one well was the crude metabolite 
o f Streptomyces rimosus Sobin (10 |il) for comparison (Crude metabolite preparation o f
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St.rimosus was obtained also from Suki Groan, as described in Groan and H ighley, 
1992). The clear zone-diameter around the w ells were measured after incubation at 27 
°C for 3 days.
4 .3  R esults
4.3.1 Effect o f soluble metabolites on basidiospores
F igures 4 .3 .1  (a) and (b) show  the in h ib ition  o f  germ ination  caused  by so lu b le  
metabolites o f the Trichoderma isolate T.harziatium (B 11) against both basidiospores 
on malt extract and lo w  nutrient m edia. Results presented in  table 4 .3  indicate that 
in h ib itio n  o f  germ ination  w as 100%  by all Trichoderma iso la te s  aga in st both  
N.lepideus and T.versicolor basidiospores on both media types, with the exception o f  
R7 and RIO (T.viride isolates), which showed lesser inhibition o f  germination o f  the 
T.versicolor basidiospores on the low  nutrient media.
Lack o f germination inhibition o f T.versicolor basidiospores, by R7 and RIO (T.viride) 
isolates in the low nutrient media, once again stresses the importance o f  media selection  
for such studies. As so lu b le  m etabolites from  these iso la tes  had h ow ever show n  
complete inhibition o f growth o f  the mycelial inoculum o f T.versicolor in the same low  
nutrient media, it is  possib le that som e other antagonistic m echanism  than soluble  
m etabolite production is in vo lved  in  in h ib ition  o f  germ ination  or that d ifferent 
metabolites may be specific in inhibiting the mycelial form o f the wood decay fungus.
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F i g u r e  4 . 3 . 1  ( a )  - I n h i b i t i o n  o l ' N d e p id e u s  a n d  T .v e r s ic o lo r  b a s i d i o s p o r e  g e r m i n a t i o n  b y  
s o l u b l e  m e t a b o l i t e s  o f  T .h a r z ia n u m  ( B 1 1 )  g r o w n  o n  m a l t  e x t r a c t  a g a r .  P l a t e s  o n  t h e  l e f t  
a r e  t h e  c o n t r o l s .
F i g u r e  4 . 3 . 1  ( b )  - I n h i b i t i o n  o f  N .le p id e u s  a n d  T .v e r s ic o lo r  b a s i d i o s p o r e  g e r m i n a t i o n  b y  
s o l u b l e  m e t a b o l i t e s  o f  T .h a r z ia n u m  ( B 1 1)  g r o w n  o n  l o w  n u t r i e n t  m e d i a .  P l a t e s  o n  t h e  
l e f t  a r e  t h e  c o n t r o l s .
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A m ong the ten  Trichoderma iso la te s  ch o sen  for further w ork on the b a sis  o f  
preliminary interaction studies, three isolates B1 (T.aureoviride, B l l  (T.harzianum) 
and R2 (T.viride), that did not show complete inhibition o f one or both basidiomycetes 
on the two media types, were included as control organisms. Interestingly, although 
these three isolates previously did not inhibit growth o f  basidiomycetes, they inhibited 
germination o f the basidiospores. It is also evident from previous results on % inhibition 
o f  mycelial growth o f  the basidiomycetes by soluble metabolites (Chapter 3, section 1), 
that the inhibitory effect o f  soluble metabolites exhibited by these isolates was either 
low  or nil. It is possible therefore that the soluble metabolites produced by these isolates 
are directed specifically against basidiospores.
4.3.2 Effect o f volatile antibiotics on basidiospores
It is clear from the results presented in  table 4.3 that none o f  the Trichoderma isolates 
produce vo la tiles that are inhibitory to basid iospores on either m edia type. From  
previous experimentation (Chapter 3, section 2) it is  known that the mycelial form o f  the 
same basidiomycetes are inhibited by volatiles from these Trichoderma isolates. This 
result therefore indicates that the volatiles produced by the Trichoderma isolates are 
directed specifically against the mycelial form o f  basidiomycetes.
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Trichoderm a
species
M alt extract agar Low nutrient media
NJepideus T.versicolor NJepideus T.versicolor
Sol Vol Sol Vol Sol Vol Sol Vol
B1 - ++ - +++ - ++ - +++
B5 - ++ - +++ - ++ - +++
B l l - ++ - +++ - ++ - +++
B13 - ++ - +++ - ++ - +++
B14 - ++ - +++ - ++ - +++
B15 - ++ - +++ - ++ - +++
B16 - ++ - +++ - ++ - +++
R2 - ++ - +++ - ++ - +++
R7 - ++ - +++ - ++ ++ +++
RIO - ++ - +++ - ++ ++ +++
Ctrl ++ ++ +++ +++ ++ ++ +++ +++
Table 4.3 - Inhibition of basidiospore germination by soluble metabolites (Sol) and volatiles (Vol).
Key - (-) indicates no spore germination and (+..+++) indicates increasing degree of basidiospore germination; Ctrl - 
Control plates. Trichoderma isolates - B1 - T.aureoviride; B5, R2, R7 and RIO - T,viride\ B l l  - T.harzianum; B13, B14 
and B 15 - T.pseudokoningii', B16 - Unidentified Trichoderma isolate.
4.3.3 Antifungal effects o f soluble metabolites in a plate bioasssay
The effects o f soluble metabolites on spore germination in the plate bioassay are shown 
in table 4.3.3. A  total o f  6  types o f fungal spores were used for this study. Aspergillus 
niger, Trichoderma and Aureobasidium pullulans were used as test organisms, as they 
are primary colonisers and may therefore be likely to be more sensitive to metabolites 
which inhibit spore germination. However none o f the plate bioassays with these three 
organisms showed any zones o f spore germination inhibition with any o f  the filtrates o f  
Trichoderma isolates. The three basidiospores used consisted o f  two white rot fungi, 
T.versicolor and P.chrysosporium, and a brown rot fungus N.lepideus.
Filtrates o f  B1 (T.aureoviride) and R2 (T.viride) grown on malt extract produced zone 
diam eters o f  2 .5  and 1.8 cm  resp ectiv e ly  against T.versicolor. H ow ever m ore 
Trichoderma filtrates obtained after growth in the low  nutrient media showed inhibition 
o f germination o f the T.versicolor basidiospores. These include T.viride isolates, B5-1.3 
cm, R2-2.5 cm and R7-1.8 cm, and T.pseudokoningii isolates, B13-1.3 cm, B14-1.3 cm. 
The zones were noted after four days o f growth. It is o f  interest that the inhibition zone 
observed with R2 has increased from 1.8 cm to 2.5 cm in diameter where the latter 
filtrate was obtained from LNM, that is more representative o f  in situ nutrients. After 
incubation for an additional 6  days however, the zones were no longer clear and a few  
basidiospores could be seen germinating near the w ells. Crude metabolite harvests o f  
Streptomyces rimosus were used for comparison and exhibited an inhibition zone o f 4.2  
cm which was maintained throughout the 1 0  days o f study.
N on e o f  the Trichoderma filtra tes in h ib ited  germ ination  o f  P.chrysosporium 
basidiospores indicating that the metabolites produced by the Trichoderma isolates are 
more specific to T.versicolor even though both organisms tested are white rot fungi. 
R esults could not be obtained from the tests perform ed w ith the basid iospores o f  
N.lepideus due to poor spore viability o f lyophilised stock cultures.
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Trichoderm a
species
Basidiospore type
T.versicolor P.chrysosporium N.lepideus
M EB LNM M EB LNM M EB LNM
B1 2.5 0 0 0 NT NT
B5 0 1.3 0 0 NT NT
B l l 0 0 0 0 NT NT
B13 0 1.3 0 0 NT NT
B14 0 1.3 0 0 NT NT
B15 0 0 0 0 NT NT
B16 0 0 0 0 NT NT
R2 1 .8 2.5 0 0 NT NT
R7 0 1 .8 0 0 NT NT
RIO 0 0 0 0 NT NT
T able 4 .3 .3  - B a sid io sp o re  germ ination  in h ib itio n  zo n es (d iam eter in  cm ) by  
Trichoderma filtrates after growth in  m alt extract broth and lo w  nutrient m edia. 
Trichoderma isolates tested - B1 - T.aureoviride; B5, R2, R7 and RIO - T.viride; B 1 1 - 
T.harzianum’, B13, B14 and B 15 - T.pseudokoningir, B16 - Unidentified Trichoderma. 
NT - not tested.
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4 .4  D iscu ssion
It is evident from the results presented here and in Srinivasan e t  a l .  (1993 a) that soluble 
metabolites show differing specificities during inhibition o f basidiospores, and mycelial 
inoculum o f basidiomycetes as indicated in (Chapter 3; section 1). It is also evident that 
the volatiles produced by the T r ic h o d e r m a  isolates have little or no inhibitory effect on 
basidiospore germination.
Target specificity seem s to play an important role in the antagonism o f  basidiospore 
germination by soluble metabolites o f T r ic h o d e r m a  spp. This is indicated by the results, 
o f isolates (R7 and RIO, T .v ir id e ) which specifically inhibit germination o f  brown rot 
rather than the white rot basidiospores. These results confirm  conclusions made in  
previou s stud ies (Srin ivasan  e t  a l . , 1992 a, b) about target sp e c if ic ity  o f  th ese  
antagonists against mycelial inocula o f basidiomycetes, where inhibition o f the brown 
rot fungus N . l e p i d e u s  was more com m on than that o f the w hite rot basid iom ycete  
T .v e r s i c o lo r .  H ighley and Ricard (1988) have reported such target specificity  while  
studying the antagonistic potential o f  T r ic h o d e r m a  spp. and G lio c la d iu m  v ir e n s  against 
severa l w h ite rot and brow n rot b a sid io m y ce te s . T h ese authors reported  that 
T r ic h o d e r m a  spp. generally prevented or reduced decay by the brown rot fungi except 
G lo e o p h y l lu m  tr a b e u m ,  but were also generally ineffective against the white rot fungi. 
Such trends seem also to be prevalent with results obtained on inhibition o f brown rot 
and white rot fungal basidiospores. Results o f the plate bioassay indicate that target 
s p e c if ic ity  m ay also  occur w ith in  the w h ite  rot fu n g i, as no in h ib it io n  o f  the  
P .c h r y s o s p o r i u m  was detected by any o f  the T r i c h o d e r m a  filtrates even  though  
germination o f basidiospores o f  T .v e r s ic o lo r  were inhibited by the soluble metabolites 
o f some T r ic h o d e r m a  isolates.
Inhibition o f both basidiomycetes was 100% by almost all the T r ic h o d e r m a  isolates in 
the studies when the agar plates with the antagonists were overlayed with cellophane 
and then seeded with the basidiospores. However this inhibitory effect was reduced to a 
select few  when the concentrated filtrates o f  the antagonists grown on the two media 
types (M EB and LNM ) were tested in the plate b ioassay. It is p ossib le that in the
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cellophane test the effect o f  more than one antagonistic mechanism was responsible eg., 
lytic enzymes. This mechanism is not present in the plate bioassay as the filtrates were 
passed through a membrane filter to remove larger proteins such as enzymes.
A lso since the clearing zone produced by som e filtrates was lost after a certain tim e 
period in  the plate bioassay, unlike the test filtrate o f S t r i m o s u s ,  it may be concluded  
that the T r ic h o d e r m a  filtrates only have a fungistatic stalling effect on the basidiospores 
and this effect is reduced with time perhaps due to the metabolite becoming exhausted 
or losing its activity. It may be that the presence o f the antagonist is necessary to enforce 
a constant inhibitory effect to stop germ ination o f  the basidiospores and this would  
account for the total inhibition seen in the cellophane overlay experiment.
Nutrient composition o f test media for such studies has already been shown by many to 
play an important role in determining the outcome o f antagonistic responses (Srinivasan 
e t a l . ,  1992 a,b; Dwivedi and Sharma, 1989; Park e t a l . ,  1991; Carter and Lynch, 1991; 
Danielson and Davey, 1973 a and b). This is again evident here with the results o f  the 
bioassay where more inhibition zones were seen with filtrates obtained after growth in 
the low  nutrient media than in malt extract broth. Perhaps these T r ic h o d e r m a  isolates 
that can exhibit an inhibitory effect grow ing in  the low  nutrient m edia may have a 
greater potential in inhibiting basidiospore germination in w ood and it is  possible that 
metabolites which are specific against basidiospores can only be produced in the former 
media that was devised to be a closer representation o f  wood.
The results o f  the study carried out above clearly indicate that there exists a marked 
difference betw een the antagonistic e ffec t o f  T r i c h o d e r m a  spp. exhibited  against 
mycelial inoculum o f  basidiom ycetes and basidiospores. Since basidiospores are the 
primary source o f  decay it is  im portant to d irect w ood  protectants against both  
mycelium and basidiospores. Spores o f  decay fungi are also known to be more sensitive 
to certain wood preservatives than established mycelium (Morton and French, 1966; 
Schmidt and French, 1979).
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Though very little research has been carried out on the inhibition o f  germination o f  
b asid iospores by b iocontrol agents such as T r i c h o d e r m a  and their an tagon istic  
compounds, some researchers have examined the effect o f certain pesticides and wood  
extracts that have a higher target specificity like the soluble metabolites o f  T r ic h o d e r m a  
spp. Schmidt (1986) examined the effect o f the chitin synthesis inhibitor polyoxin D, on 
basidiospore germination. Though the concentration o f plyoxin  D required to inhibit 
germination or cause abnormalities differed between the basidiospores tested, som e 
degree o f inhibition o f  all species tested was produced. Scarlette (1990) noted that 
certain water soluble and organic solvent soluble extracts from pine w ood can affect 
spore germination. It is known from the results presented in  this chapter that soluble 
m etabolites o f  som e T r ic h o d e r m a  spp. can have a fungistatic and may be in higher 
concentrations a fungicidal effect over basidiospore germination. Characterisation o f  
these metabolites involved in specific inhibition o f  basidiospores and study o f  there 
mechanism o f action will therefore, enable development o f more specific bioprotectants.
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Chapter 5
Wood Decay Experiment
Chapter 5
Wood decay Experiments
5.1 Introduction
The concept o f  using biological control agents for the protection o f  w ood and w ood  
products has become an attractive alternative to the use o f environmentally unsafe toxic 
preservatives. Evaluation o f the potential o f  biocontrol agents such as T r ic h o d e r m a ,  
G lio c la d iu m  and S c y ta l id iu m  against wood decay basidiomycetes have been studied by 
many researchers by both field tests and in  v i tr o  soil block studies (see Chapter 1).
The use o f  b io logica l agents to control decay o f  creosoted distribution poles using  
T r ic h o d e r m a  and S c y ta l id iu m  species has been reported by a number o f authors (Ricard 
e t  a l . ,  1969; Ricard, 1976; Bruce, 1983; Morris, 1983; Bruce and King, 1986 a, b and 
Bruce e t  a l ., 1990). These fie ld  studies, have show n variable, and lim ited  su ccess  
com p ared  w ith  fa v o u ra b le  lab oratory  o b serv a t io n s  o f  a n ta g o n ism  b e tw e e n  
T r ic h o d e r m a ,  S c y ta l id iu m  and some w ood decay organisms com m only isolated from  
creosoted wood poles.
Highley and Ricard (1988) showed that wood blocks treated with T r ic h o d e r m a  species 
could be protected from attack by selected  brown rot fungi. Bruce and King (1983) 
found that wood blocks could be protected from N .le p id e u s  by T r ic h o d e r m a  spp. even  
after killing the T r ic h o d e r m a  and leaching the wood. Morris e t  a l .  (1986) confirm ed  
this residual protection against N .le p id e u s  but found that the decay resistance was lost 
after extended leaching. Morrell and Sexton  (1988), how ever, found only lim ited  
success by T r ic h o d e r m a  in arresting the developm ent o f  decay fungi in  w ood blocks. 
More recently, Freitag and Morrell (1990), evaluated the biocontrol potential o f  selected  
microfungi against some basidiomycete decay fungi using a small scale wood sandwich 
test. They tested the potential o f four microfungi for biocontrol o f  four basidiom ycete 
decay fungi and used the small scale wood sandwich test as well as the more commonly 
used w ood block test. They noted that the sm aller scale test w ith wafers produced
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similar results to that o f  the wood block test in only 6 weeks with respect to the longer 
12 week incubation with the latter test.
The variability in  results obtained by researchers could be due to a number o f  reasons. 
However, one important factor which restricts interpretation o f  results o f  w ood block  
experiments is the lack o f  knowledge with regard to the antagonistic mechanisms which 
biocontrol agents such as T r ic h o d e r m a  exhibit in  the natural substrate i.e ., wood. In 
order to achieve a high level o f  consistent field performance by the bioprotectant, more 
information on its mechanism o f  antagonism in w ood against basidiomycetes needs to 
be established.
Though many researchers have evaluated the potential o f  T r ic h o d e r m a  in  protecting 
wood and also shown the different antagonistic mechanisms that inhibit growth o f  wood  
decay basidiom ycetes in  in  v i t r o  tests by agar plate methods, few  have attempted to 
elucidate which m echanism  or m echanism s are important in  w ood. In this section  
detailed statistical analysis o f  wood block weight loss data was undertaken with a view  
to identify the importance o f individual antagonistic mechanisms o f T r ic h o d e r m a  spp. 
that enable them to exhibit inhibiton against the decay fungi in  wood.
5 .2  M aterial and M ethods
5.2.1 Wood Block Decay Tests
The method used for testing the biocontrol potential o f  the T r ic h o d e r m a  isolates was a 
modification o f the American Standard Test Method (ASTM) for wood preservatives by 
laboratory soilblock cultures ASTM Designation D 1413 - 76 (Reapproved 1986).
Wide neck soil bottles (250 ml) (Glaserwerk Wertheim, Germany) were filled with 140g 
o f soil set at a moisture content o f 130% o f the water holding capacity o f  the soil (see  
Appendix III). Feeder strips were cut from the sapwood o f Scots Pine (P in u s  s y l v e s t r i s ) 
and were approximately 0.3 x 3 x 1.5 cm with the grain o f the wood parallel to either o f  
the long dimensions. These were then placed on the soil (two per bottle) and the bottles 
steam sterilised at 15 psi for 30 min. After sufficient cooling o f  the culture bottles, the
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feeder strips were inoculated with a 1 cm (diameter) colonised agar section o f  each o f  
the ten chosen T r ic h o d e r m a  isolates (two bottles/isolate). After one w eek incubation at 
either 22 or 25 °C and after the T r ic h o d e r m a  showed good colonisation o f  the soil and 
feeder strips, conditioned wood blocks were placed on the feeder strips (2 blocks/bottle,
i.e. 4  blocks/organism) and incubated at the appropriate temperatures for a period o f  4  
w eeks. The test blocks 2cm  x 2cm  x 2cm  were cut from Scots pine sapw ood with a 
density o f 5 to 4 rings/cm, free o f  knots and resins, and showing no visible evidence o f  
infection by mould, stain, or wood-destroying fungi. The dry weight o f  the pre-labelled 
blocks were determined by placing in an oven at 103 °C for 3 hrs. The blocks were then 
conditioned in a 25 °C constant temperature room at 70 %  hum idity for two days, to 
allow some moisture into the blocks prior to steam sterilised at 100 °C for 20 min before 
use in the test. After exposure to T r ic h o d e r m a  isolates blocks were then transferred into 
another set o f soil bottles in which the feeder strips had been precolonised by either o f  
the two basidiomycetes N .l e p id e u s  FPRL 7F or T .v e r s ic o lo r  M AD 697 and incubated 
for a further 16 weeks at 25 °C.
A  second set o f blocks pretreated with T r ic h o d e r m a  isolates as before (4 blocks/isolate) 
were steam sterilised before placing in the soil bottles with basidiom ycetes. Controls 
included blocks that were pretreated with T r i c h o d e r m a  (4  b locks/iso la te) and not 
subsequently exposed to basidiomycetes to establish the weight loss o f  the w ood blocks 
after pretreatment, and others that were not pretreated with T r ic h o d e r m a  but decayed  
for 16 weeks by basidiomycetes in soil bottles (12 blocks/basidiomycete treatment).
After incubation wood blocks, whether tests or controls, were removed from jars, their 
surfaces cleaned by gently brushing o ff the mycelium and weighed for moisture content 
and then dried at 103 °C for 3 hrs to obtain their dry weight. They were then transferred 
into a desiccator and their weight measured to determine weight loss due to the various 
treatments. The weight loss o f the blocks before and after treatment was calculated as 
fo llo w s:
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% w eight loss =  100 x (T j - T2) /  T j
where T j is the oven dry weight o f the wood blocks before any treatment and T2 is the 
dry w eight either after the 4  w eek incubation with the T r ic h o d e r m a  or the 16 w eek  
incubation with the basidiomycetes.
5 .2 .2  Statistical correlation o f  w ood decay experim ents with results o f  individual 
antagonistic mechanisms - Stepwise Regression Analysis
Stepw ise regression analysis (Draper and Sm ith, 1981) was carried out in  order to 
determine the degree o f  importance o f  the individual antagonistic mechanisms (soluble 
m etabolites (SM ), vo la tile  antibiotics (V A ), lam inarinase (L ), ch itinase (C ), and 
siderophores (S)) in an effort to determine their contribution to the protective effect 
exhibited by the T r ic h o d e r m a  spp.. Antagonistic responses observed in both ME A  and 
L N M  (C hapter 3) w ere com pared  w ith  th e % w e ig h t lo s s  for  the r e s p e c t iv e  
basidiomycete treated blocks. The level o f  lytic enzymes produced in  the low  nutrient 
media containing the respective cell wall materials (N .le p id e u s  and T .v e r s ic o lo r ) but no 
glucose (Chapter 3, section 3) was also compared to respective weight loss figures. For 
the purpose o f  comparing siderophore production with %  w eight lo sses the sizes o f  
halos produced by the different T r ic h o d e r m a  isolates on CAS and CAS+LNM  media 
(Chapter 3, section 4) were used. The individual % weight lo ss o f  the w ood  b locks  
obtained with each o f  the w ood decay basid iom ycetes in  the presence o f  both liv e  
T r ic h o d e r m a  and after steam sterilisation, was compared individually with each o f  the 
antagonistic responses above, detected against each o f  the basidiom ycetes in  the two  
media types (MEA and LNM).
The stepw ise regression analysis con sisted  o f  a statistical equation or m odel that 
considers each different variable (i.e. individual antagonistic response, SM, VA, L, C or
S) that influence the value o f the % w eight loss obtained and incorporates them in  an 
equation in order o f their importance in determining the calculated % weight loss. This 
equation can be represented as follows :
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% w eight loss = A  + V (M 1) +  W (M 2) +  X (M 3) +  Y (M 4) +  Z(M 5)
(A ) is  the constant for the entire m odel and V -Z  are constants ca lcu lated  by the 
statistical analysis (in this particular equation V > W > X  > Y > Z) for the individual 
modes o f antagonism M l to M 5, which represent any o f  the five modes o f  antagonism  
mentioned above. The order o f  occurrence o f  the antagonistic responses in the above 
eq u ation  is  dep en dent on the b a s id io m y ce te  cau sin g  the d egrad ation  and the 
T r ic h o d e r m a  species considered.
The importance o f each antagonistic mechanism is dependent on the correlation with the 
% weight loss and is determined by the R value represented as a precentage. The closer 
the % value to 100% after consideration o f  all the mechanisms in the equation the 
better the m odel. The greater the increase in the % R value on in c lu sion  o f  each  
additional antagonistic response to the model indicates the importance o f  that factor in  
determining the % weight loss produced and thereby the extent o f  any bioprotective 
effect contributed by that antagonistic mechanism.
The following comparisons o f respective weight loss and antagonistic responses were 
carried out for each basidiomycete - (1) % weight loss in the presence o f  live antagonist 
was compared against the antagonistic responses from all T r ic h o d e r m a  isolates (SM, 
VA, L, C) in the malt extract medium and the low  nutrient medium. (2) % weight loss 
obtained after killing o f  the antagonist was compared against antagonistic responses 
from all T r ic h o d e r m a  isolates in malt extract medium and low  nutrient medium (only  
SM and VA). As there is no live antagonist present, production o f lytic enzymes was not 
included in these comparisons against weight loss. The influence o f  siderophores was 
also compared for the low  nutrient medium. Similar comparisons were also made within 
the species groups, T .v ir id e  and T .p s e u d o k o n in g i i  to determine any particular trend in 
the mechanisms these groups may apply in protecting wood against these decay fungi.
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5 .3  R esu lts
5.3.1 % Weight losses o f wood blocks in presence and absence o f T r ic h o d e r m a
Table 5.3.1 indicates the % weight lo sses o f  w ood  blocks obtained with each o f  the 
w ood decay fungi after pretreatment w ith T r i c h o d e r m a  iso la tes and also after the 
antagonist had been killed.
It is evident from the results that in  the presence o f  the liv e  antagonist the w ood  is  
generally protected (Table 5.3.1). The highest weight loss value observed was 1.04 % 
after decay by the brown rot fungus N .l e p id e u s .  W eight loss values with the white rot 
fungus T .v e r s i c o lo r  were however greater with the highest value being 13.18 %. It is 
generally considered that weight losses o f  less than 3% are indicative o f  only the non- 
structural carbohydrates being rem oved by the co lon isin g  organism s. The results  
therefore indicate that only B1 (T .a u r e o v i r i d e ) and B 16 (unidentified T r i c h o d e r m a ) 
have failed to totally protect the blocks against the white rot fungus. It should be noted 
that the moisture content o f  all blocks in the experiment fell within a range suitable for 
decay to take place (data not shown).
The weight loss values are all quite variable within and between species and strains, and 
on the basis o f  only the weight loss results no definite conclusion can be drawn about 
which T r ic h o d e r m a  spp. has provided the greater protective effect. It is interesting  
however to note that B1 (T .a u r e o v ir id e ) which was selected as a control because o f  its 
inability to kill the basidiomycetes in both types o f agar media during interaction studies 
(Chapter 2) shows a slightly higher w eight loss than the others against the w hite rot 
fungus, however it does give protection against the brown rot fungus.
W eight losses increased considerably in those blocks where the T r ic h o d e r m a  isolates 
w ere k illed  prior to exposure to the basid iom ycete. H ow ever these w eigh t lo sses  
remained lower than the weight loss o f  control blocks that showed an average weight 
loss o f 72.6 % for the brown rot and 62.4 % for the white rot fungi. It is evident from  
the results that a lm ost all the iso la tes  tested  produced som e reduction  in  d ecay  
susceptibility even when the T r ic h o d e r m a  was killed.
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Trichoderma Basidiomycete type
isuiaies
N.lepideus T.versicolor
(1) (2) (1) (2)
B1 0.55 (0.27) 54.54(4 .08) 13.18(2 .4) 3 1 .48 (4 .1 )
B5 0.39 (0.31) 46.74 (3.83) 0.62 (0.35) 32.85 (9.7)
R2 0.87 (0.48) 58.78 (10.1) 0.45 (0.50) 47.88 (9.9)
R7 0.59 (0.48) 56.55 (7.68) 0.28 (0.43) 57.04 (3.71)
RIO 0.59 (0.39) 40.87 (9.7) 0.66 (0.44) 44.19 (4.62)
B l l 0.70 (0.52) 56.12(11.89) 2.55 (1.69) 44.01 (11.29)
B13 0.81 (0.46) 49.85 (7.89) 0.06 (0.12) 57 .14(1 .01)
B14 1.04 (0.87) 56.50 (4.71) 1.61 (1.78) 55.60 (3.37)
B15 0.63 (0.36) 35.38 (11.9) 0.65 (0.60) 56.84 (1.18)
B16 0.57 (0.36) 59.49 (8.39) 4.49 (3.41) 57.77 (6.59)
Controls 72.66 (2.54) 62.44 (4.25)
Table 5.3.1 - The % weight losses obtained in blocks subsequently treated with either 
N . l e p i d e u s  and T . v e r s i c o l o r  after (1) pretreatm ent w ith  liv e  T r i c h o d e r m a  and (2) 
pretreatment with T r ic h o d e r m a  fo llow ed  by sterilisation. T r ic h o d e r m a  iso lates; B1 - 
T .a u r e o v i r id e ,  B 5, R2, R7 and RIO - T .v ir id e ,  B l l  - T .h a r z ia n u m ,  B13, B 14 and B15 - 
T .p s e u d o k o n i n g i i  and B 16 - U nidentified  T r i c h o d e r m a .  Standard deviations are in  
parentheses.
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5.3.2 Stepwise Regression Analysis for correlation studies
9
Tables 5 .3 .2  (a) and (b) show the % values obtained during com parison o f  the % 
weight losses o f  wood blocks (with live and killed antagonist) after exposure to each o f  
the basidiom ycetes against individual antagonistic responses in  malt extract and low
o
nutrient media. Values o f  % R shown indicate the significance o f  each individual 
m echanism  or com bination  o f  m echanism s to the decay p rocess. The greater the 
increase in the % R value on addition o f  each antagonistic response to the model 
indicates the importance o f that mechanism in determining the % weight loss or extent 
o f the protective effect shown by the individual T r ic h o d e r m a  isolates. The closer the % 
R2 value to 100% the better the correlation o f those mechanisms with the % weight loss 
in the model.
For both N .l e p i d e u s  and T .v e r s i c o l o r  the order o f  im portance o f  each antagonistic  
mechanism that influences the protective effect o f  the T r ic h o d e r m a  changes in each o f  
the tw o m edia i.e . M EA and LNM  (table 5 .3 .2  (a)). The inclusion  o f  siderophore  
production into the model for the LNM results in a change in the pattern o f importance 
o f the other characteristics with N .le p id e u s  but not with T .v e r s ic o lo r .  With N .le p id e u s  
siderophores are identified as the major influence on the weight losses produced (table
5.3.2 (a)). All the final % R values obtained irrespective o f presence o f live antagonist, 
increased from MEA to LNM  and again to LNM  with the inclusion o f the siderophore 
factor, with the exception o f weight loss by N .le p id e u s  with live antagonist.
In comparisons made in the presence o f live antagonist (table 5.3.2. (a)) the % R^ value 
with N .le p id e u s  reaches 30% in MEA then falls to 8.07% in LNM  and then increases 
again to 15.65% in LNM  with the inclusion  o f  siderophore factor. These values are 
comparatively lower than that obtained with T .v e r s ic o lo r  where comparisons on MEA  
gives an % R^ o f 7.05% which increases to 44.71% and 68.55% in LNM and LNM with 
siderophore factor respectively.
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N1 (MEA) N1 (LNM) NL (LNM)*
L 14.95% 
L+C 21.88% 
L+C+VA 28.45% 
L+C+VA+SM 30.06%
VA 0.94% 
VA+C 2.23% 
VA+C+SM 4.38% 
VA+C+SM+L 8.07%
S 13.99% 
S+SM 14.23% 
S+SM+VA 14.81% 
S+SM+VA+C 15.57% 
S+SM+VA+C+L 15.65%
Tv (MEA) Tv (LNM) Tv (LNM)*
SM 4.58% 
SM+VA 6.13% 
SM+VA+C 6.69% 
SM+VA+C+L 7.05%
VA 36.32% 
VA+SM 44.52% 
VA+SM+L 44.70% 
VA+SM+L+C 44.71%
VA 36.32% 
VA+SM 44.52% 
VA+SM+S 68.47% 
VA+SM+S+C 68.55% 
VA+SM+S+C+L 68.55%
Table 5.3.2 (a) - Stepwise regression analysis between antagonistic mechanisms and % 
wt loss in the presence o f  live antagonist. % values shown indicates the significance 
o f each individual mechanism or combination o f mechanisms to the decay process.
Key - N1 - N .l e p id e u s , Tv - T .v e r s ic o lo r ,  MEA, LNM  - comparison o f  weight loss with 
an tagon istic  resp on ses as recorded in  the m alt extract and lo w  nutrient m edia  
respectively; (*) Comparison includes results from siderophore production. Antagonistic 
mechanisms - Soluble metabolites (SM), Volatile antibiotics (VA), Laminarinase (L), 
Chitinase (C) and Siderophores (S).
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N1 (MEA) N1 (LNM) NL (LNM)*
VA 2.19% VA 3.77% VA 3.77%
VA+SM 2.26% VA+SM 5.16% VA+S 5.72%
VA+S+SM 7.78%
Tv (MEA) Tv (LNM) Tv (LNM)*
VA 43.31% VA 46.11% S 53.55%
VA+SM 45.05% VA+SM 63.29% S+VA 93.18%
S+VA+SM 93.93%
Table 5.3.2 (b) - Stepwise regression analysis between antagonistic mechanisms and % 
wt loss after killing the antagonists. % R2 values shown indicates the significance o f  
each individual mechanism or combination o f  mechanisms to the decay process.
Key - N1 - N .le p id e u s ,  Tv - T .v e r s ic o lo r ,  ME A, LNM  - comparison o f  weight loss with 
an tagon istic  resp on ses as recorded in  th e m alt extract and lo w  nutrient m ed ia  
respectively; (*) Comparison includes results from siderophore production. Antagonistic 
mechanisms - Soluble metabolites (SM), Volatile antibiotics (VA), Laminarinase (L), 
Chitinase (C) and Siderophores (S).
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The failure o f  the m odel to g ive high % values for decay by N . l e p i d e u s  in the 
presence o f  live T r ic h o d e r m a  is accounted by the fact that all the T r ic h o d e r m a  isolates 
gave total protection against this fungus. Since no differentiation was observed between  
weight losses obtained after pretreatment with these antagonists comparison o f  these 
results to other mechanisms has limited value.
In order to establish the reasons for the high correlation seen with N .l e p id e u s  in MEA  
and the low er % values obtained in LNM  and LNM  with siderophore factor, the 
fo llo w in g  com parison s w ere made w ith  the fo llo w in g  se lec ted  in d iv id u a l and 
com binations o f  sp ecies groups: 1) T .v i r i d e  (4  iso la tes), 2) T . p s e u d o k o n i n g i i  (3 
isolates), 3) all isolates excluding B 16, the unidentified T r ic h o d e r m a  isolate.
The results o f  stepw ise regression analysis obtained for the above com binations are 
shown in Tables 5.3.2 c and d. Analysis o f  the results from these combinations indicate 
that the high correlation seen in MEA and low  % R^ in LNM  is apparently due to the 
variability w ith in  other different sp ecies groups. The results clearly show  that in  
different species groups different m echanism s o f  antagonism  are im portant in  the 
control o f  N .le p id e u s .
Soluble metabolites and the lytic enzymes laminarinase and chitinase play an important 
role in  the antagonism  o f  T .v i r id e  species against N . l e p i d e u s  as indicated by their 
combined % R values (table 5.3.2 c). Since % R value has reached 100% with just 
three antagonistic responses, these responses are more important than volatiles and 
siderophores which were not included in the model even though they were considered in 
the an alysis. The results how ever ind icate the fo llo w in g  im portance in  order o f  
mechanisms for T .p s e u d o k o n in g i i  against N .l e p id e u s  in the low  nutrient media (table 
5.3.2. d), siderophores > enzym es > soluble metabolites > volatiles and a final % R^ 
value o f 80.6%. The last mechanism, i.e. volatiles however did not contribute very much 
to the correlation seen with weight loss, as indicated by the very low  increase in % R^ 
value on subsequent addition o f each o f these mechanisms. Comparisons that involved  
the exclusion  o f  B16 from other species groups (data not shown) resulted in similar 
patterns to those when all isolates were included (table 5.3.2 a).
2 1 1
7VVIRIDE
NL (LNM ) N L  (LNM )*
SM 11.63% SM 11.63%
SM+L 80.54% SM+L 80.54%
SM+L+C 100% SM+L+C 100%
TV (LNM ) TV (LNM )*
L 54.4% S 73.3%
L+SM 99.9% s + c 93.6%
L+SM +VA 100% S+C+SM 100%
Table 5.3.2 (c) - Stepwise regression analysis between antagonistic mechanisms and % 
w t lo ss  in  the p resence o f  liv e  T . v i r i d e  spp. % v a lu es show n in d ica tes  the  
significance o f each individual mechanism or combination o f  mechanisms to the decay 
process.
K ey - N1 - N . l e p i d e u s ,  Tv - T . v e r s i c o l o r ; LNM  - com parison o f  w eigh t lo ss  w ith  
antagonistic responses as recorded in the low  nutrient media; (*) Comparison includes 
results from siderophore production. Antagonistic mechanisms - Soluble m etabolites 
(SM), Volatile antibiotics (VA), Laminarinase (L), Chitinase (C) and Siderophores (S).
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T .P S E U D O K O N I N G I I
NL (LNM ) NL (LNM )*
SM 4.9% S 20.94%
SM +VA 18.5% S+L 26.17%
SM +VA+C 35.5% S+L+C 57.27%
SM +VA+C+L36.4% S+L+C+SM 80.4%
S+L+C+SM +VA 80.6%
TV (LNM ) TV (LNM )
V A  8.66% VA 8.66%
VA+SM  32.09% VA+SM 32.09%
VA+SM +C 52.24% VA+SM +S 52.24%
V A+SM+C+L 53.42% VA+SM +S+C 96.94%
VA+SM +S+C+L97.44%
Table 5.3.2 (d) - Stepwise regression analysis between antagonistic mechanisms and % 
wt loss in the presence o f live T .p s e u d o k o n in g i i  spp. % values shown indicates the 
significance o f each individual mechanism or combination o f mechanisms to the decay
process. o
K ey - N1 - N . l e p i d e u s ,  Tv - T .v e r s i c o l o r ; LNM  - com parison o f  w eight lo ss  with  
antagonistic responses as recorded in the low  nutrient media; (*) Comparison includes 
results from siderophore production. Antagonistic mechanisms - Soluble m etabolites 
(SM), Volatile antibiotics (VA), Laminarinase (L), Chitinase (C) and Siderophores (S).
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W ith T. v e r s i c o lo r  the order o f  importance o f  the individual mechanisms changes only 
slightly (table 5.3.2 a) on addition o f the siderophore factor which is less important than 
volatiles and soluble m etabolites. The final % R value increases from 44.71%  to
9
68.55% , by the inclusion  o f  siderophores. As the % R value increases only from  
68.47% to 68.55%, on addition o f the lytic enzyme factor in the model, this implies that 
these have little influence in the control o f  T .v e r s ic o lo r .  It appears that for T .v e r s ic o lo r  
volatiles, soluble metabolites and then siderophores form the order o f  importance o f  
antagonistic mechanisms. Statistical comparisons within and between species groups o f  
T r ic h o d e r m a  (table 5.3.2 c and d) indicate very little change in the order o f importance 
to antagonistic mechanisms against the white rot fungi. Volatiles and siderophores seem  
to be the most common mechanism for almost all the species groups tested, although 
after these two mechanism the order o f  importance varies between soluble metabolites 
and enzym es. T .v i r i d e  sp ecies how ever show  siderophores to be m ost im portant 
fo llow ed  by chitinase and then soluble metabolites. The % R^ value was 73.3% with 
siderophores which increased to 93.6% with inclusion o f chitinase and reached 100% 
after so lu b le  m etab olites were in c lu d ed  in  the m odel. This in d ica tes that th ese  
mechanism on their own fit the model well and that volatiles and laminarinase enzyme 
involvement is low.
Comparison o f the % weight loss o f  wood blocks in the absence o f  the antagonist with 
the selected antagonistic responses (M EA and LNM) has highlighted the importance o f  
th ose m echanism s that are lik e ly  to be e ffec tiv e  even  in  the absence o f  the liv e  
antagonist (table 5.3 .2  (b)). With all the combination o f com parisons made between  
w eigh t lo ss  and antagon istic respon ses in  the M EA and LN M , v o la tile s  are the 
predominant factor followed by soluble metabolites. On the inclusion o f  the siderophore 
factor however the % R^ value for T .v e r s i c o l o r  reaches a high value o f  93 % with, 
siderophores being the most important single factor. The comparatively higher % R^ 
values obtained in the LNM with respect to MEA, is o f  interest since this indicates that 
the results o f antagonistic responses in LNM  correlates better with the % weight loss in 
wood than that in MEA. Also the % R^ values with T .v e r s ic o lo r  are considerably higher 
than that w ith  N . l e p i d e u s ,  w h ich  im p lies  that w ith the latter d ecay  fu n gus the
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antagonistic mechanisms in the absence o f  the live antagonist do not correlate as well 
with the weight loss. This is supported by the earlier observations in the presence o f  live  
antagonist where the principle mechanisms o f inhibition against N .l e p id e u s  were the 
lytic enzymes while soluble metabolites and volatiles do not appear have a major role to 
play with the majority o f  the T r ic h o d e r m a  species tested (table 5.3.2 c and d). The order 
o f importance o f  mechanisms against T. v e r s ic o lo r  is siderophores > volatiles > soluble 
metabolites. Soluble metabolites however do not contribute very much to the model in  
inhibiting the decay fungus when the antagonist has been killed.
5 .4  D iscu ssion
T r i c h o d e r m a  are one o f  the m ost favoured  b iocontrol agents due to their non­
demanding nutritional characteristics that enable them to grow on a varied number o f  
substrates; and most important o f all, the numerous antagonistic mechanism that they 
exhibit for their own growth and survival in nature.
M any researchers have b een  a c tiv e ly  in v o lv e d  in  e lu c id a tin g  th e an ta g o n istic  
mechanisms o f  T r ic h o d e r m a  against plant pathogens. However m ost o f  the work that 
has been  published  has reported on  the u se  o f  artific ia l m edia and as such  the  
experim entation does not always represent the nutritional consistency o f  the actual 
substrate in which the biocontrol agent is to be employed. Therefore the exaggerated  
effects o f antagonistic mechanisms against pathogens that is seen in the artificial media 
is not reproduced in the field. The nutritional conditions and the actual presence o f the 
pathogen in the v icin ity  o f  the antagonist w ill determine the target sp ecific ity  and 
su cce ss  o f  the an tagon ist. S im ila r ly , a lth ough  m uch w ork  e x is ts  to sh o w  the  
bioprotective effect o f  T r ic h o d e r m a  spp. against wood decay fungi in the field and in in  
v i tr o  agar plate studies, very little work has been carried out to establish the specific  
m echanism s that are invo lved  in the inhibition  o f  w ood decay fungi. In this study 
statistical comparison o f  weight losses as in wood blocks, obtained after exposure to 
wood decay basidiomycetes, has been compared, with individual antagonistic responses 
noted in low nutrient media in order to facilitate understanding o f  the mechanisms that 
are likely to be of more importance in wood.
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A lm ost all the ten T r ic h o d e r m a  isolates tested gave a protective e ffec t against both 
basidiom ycetes although there was less variability in  the w eight losses obtained with 
N .l e p id e u s  than with T .v e r s i c o lo r . This com plete protection against decay fungi was 
obtained with the wood block test method that is usually adopted for testing o f  chemical 
preservatives. Many researchers as already discussed in the introduction, have reported 
the variable protective effect o f  T r ic h o d e r m a  against different target pathogens in in  
v i tr o  wood block tests (Morris, 1983; H ighley and Ricard, 1988; Morrell and Sexton, 
1988). More recently, Bruce e t  a l .  (1991) have shown that w ood blocks removed from 
distribution poles previously treated (after 7 years) with a b iological control product 
(Binab FYT pellets) when exposed in so il b lock  tests to se lected  basid iom ycetes, 
resisted decay by these organisms.
K illing o f  the T r ic h o d e r m a  by steam sterilisation from the pretreated blocks before 
exposure to decay fungi, resulted in higher weight losses, but were still however 20-30  
% low er than the control blocks not treated with any antagonist. This reduction in 
predicted weight loss could be due to the non-availability o f  readily usable nutrients that 
have been exhausted by the T r ic h o d e r m a ,  thereby resulting in  delayed growth and 
decay by the b asid iom ycetes. Bruce and K ing (1 9 8 3 ) h ow ever reported that the 
p rotective e ffec t o f  T r i c h o d e r m a  against the brown rot fungus N . l e p i d e u s  w as  
m aintained in w ood b locks even after ethylene oxide sterilisation  and subsequent 
leaching, implying the presence o f a residual component such as soluble metabolites or 
volatiles that may be the cause of such protective effect. However, the results obtained 
in this study indicate that the residual protection o f  wood by T r ic h o d e r m a  isolates is 
lost on steam sterilisation, as also observed by Bruce e t a l . ,  1991. This loss o f  protection 
against N . l e p i d e u s  may be due to that fact that this decay fungus is  show n to be 
in h ib ited  by m ain ly  ly t ic  en zym es by m ost T r i c h o d e r m a  iso la te s  and so lu b le  
m etabolites only play a minor role. W ith the white rot fungus T .v e r s i c o l o r  however 
volatiles and soluble metabolites are more important and elimination o f  these by steam 
sterilisation results in loss o f protection.
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It is clear from the stepwise regression analysis that the brown rot and white rot fungi 
w ere a ffected  by d ifferen t an tagon istic m echanism s in  the p resence o f  the liv e  
antagonist. The differences that were observed in the order o f importance o f  different 
m echanism s seen  on M EA and LN M , again stresses the im portance o f  usin g  an 
appropriate media type for such studies. This illustrates clearly the need to undertake 
antagonistic studies on a medium more representative o f  the natural substrate in which 
the antagonist is to be applied. Since change o f  media type as noted here clearly alters 
the relative importance o f  antagonistic m echanisms within individual T r ic h o d e r m a  
spp., it is probable that the antagonistic responses seen in a nutrient rich media will not 
be reproduced in wood. Comparison o f  w eight lo ss with the responses noted in the 
LNM media including the siderophore factor is therefore likely to be the most realistic 
correlation that was made to wood. It is evident from the results that in the presence o f  
the live antagonist soluble metabolites, siderophores and lytic enzymes in  that order are 
the principle m echanism s against N . l e p i d e u s  by the m ajority o f  sp ec ies groups. 
Consideration however o f  all the species g ives a very poor correlation to the w eight
o
losses obtained as indicated by the low  % R value. However this lack o f  correlation is 
probably due to a very low  variability seen in  the weight losses obtained between the 
isolates, i.e, they all show a very high protective effect.
Against TVv e r s ic o lo r  the principle mechanisms seem to be volatiles, siderophores and to 
a lesser extent soluble metabolites whereas lytic enzymes seem to play only a minor role 
in determining the weight losses produced. Consideration o f  the results o f the T .v ir id e  
species groups (table 5 .3 .2  c) indicate how ever that these antagonists have a high  
reliance on the ly tic  enzym es. The order o f  importance attributed to the individual 
m echanism s how ever vary dependent on the decay fungus, confirm ing the target 
sp ecific ity  o f  certain m echanism s noted in  earlier chapters exam ining individual 
mechanisms. Target specificity against plant pathogens and wood decay fungi have been 
noted by some researchers. Sivan and Chet (1986) found that T .h a r z ia n u m  isolates that 
showed mycoparasitism by production o f lytic enzymes against R h iz o c to n ia  s o la n i  did 
not exh ib it any antagonism  against F u s a r i u m  o x y s p o r u m  and no ly tic  en zym e  
production was detected. Similarly, Highley and Ricard (1988) found that T r ic h o d e n n a  
species they tested against wood decay basidiom ycetes generally prevented decay by
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brown rot rather than white rot fungi. The results presented here also indicate that the 
T r ic h o d e r m a  spp. tested show different target specificities and are capable o f  using 
different antagonistic responses against different target pathogens.
To establish  the im portance o f  the antagonistic m echanism s that are active in the 
absence o f  the T r i c h o d e r m a ,  w eight lo sses  obtained after steam sterilisation  were 
compared with the responses on ME A and LNM. It was evident from the results that 
volatiles and soluble metabolites are shown to be the important factors in determining 
weight loss in all comparisons with both decay fungi, even though total protection was 
not achieved in any sample.
It was evident from the % R values obtained from the com parison o f  w eight lo ss  
produced by T. v e r s ic o lo r  after killing o f T r ic h o d e r m a  against responses on LNM, that 
siderophores play a major role in the antagonism. Volatiles and soluble metabolites also 
contribute significantly to the increase in  % value and this model gave the highest 
correlation value obtained o f any model including all T r ic h o d e r m a  isolate comparisons 
(93%). This high correlation on a media closer to w ood may suggest the interaction o f  
these three m echanism s may account for the protective e ffec t in w ood. It appears 
therefore that active inhibition o f  N . l e p i d e u s  is greater in  the presence o f  actively  
grow ing T r i c h o d e r m a  w h ile  inh ib ition  o f  the T , v e r s i c o l o r  m ay be ach ieved  by  
metabolites o f  T r ic h o d e r m a  even after death o f the antagonist. This may indicate that 
antagonism  against the w hite rot fungus could  be achieved at a distance from  the 
interaction site, by the siderophores, vo latiles and/or soluble m etabolites and may 
account for the findings o f  Murmanis e t  a l .  (1988 a) who observed that leakage o f  
cytop lasm ic m aterial o f  ly sed  b asid iom ycetes cou ld  be observed away from  the 
interaction site and implied the inhibitory volatiles to be the causative agent.
In the previous chapter on siderophores the importance o f  these iron chelators in the 
enzym ic degradation o f  wood by both brown and white rot fungi has been discussed. 
The potential o f competition between siderophores o f T r ic h o d e r m a  and basidiomycetes 
for the available iron in w ood as a role in antagonism  has also been d iscussed . If  
siderophores do indeed play such a role in  w ood against decay fungi then the results
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obtained by stepw ise regression im ply that these iron chelators may also act in the 
absence o f the antagonist and indeed may play a central role especially in the o f control 
T. v e r s ic o lo r .
Siderophores may also play a major role in the antagonism  o f  N . l e p i d e u s  by som e  
T r ic h o d e r m a  spp. Siderophores o f T .p s e u d o k o n in g i i  for example were identified as the 
most important mechanism for these species followed by the lytic enzymes (table 5.3.2
d). In chapter 3 (sec tio n  4 ) the p o ss ib le  im portance o f  iron a cq u isitio n  by the  
T r ic h o d e r m a  species was discussed, and it was found that among all the species groups 
tested T .p s e u d o k o n in g i i  showed production o f  more than one type o f  siderophore (two 
phenolates and a hydroxamate) which may enhance their ability to compete for iron.
The results presented in this chapter both collectively for all isolates and for individual 
species groups, has provided valuable information with regard to the relative importance 
o f antagonistic mechanisms exhibited against the two basidiomycetes. It is evident that 
there is a definite target specificity towards the basidiomycetes that is indicated by the 
differences observed in expression o f the antagonistic responses. However, the fact that 
only one representative white rot (T .v e r s ic o lo r ) and brown rot (N .le p id e u s ) fungi were 
tested does not allow generalisations to be made regarding the antagonistic mechanism  
against all such basidiom ycetes. The study presented above how ever highlights the 
importance o f assessing individual mechanisms against any specific basidiomycete type. 
Studies such as these carried out against a larger range o f decay organisms w ill provide 
a clearer u n d erstan d in g  o f  the a n ta g o n ism  o f  T r i c h o d e r m a  a g a in st s p e c if ic  
basidiomycete fungi.
K now ledge gained from such studies w ill thereby allow  selection  o f  T r i c h o d e r m a  
isolates that are better in expressing those antagonistic mechanisms that are important in 
the combative strategy against a specific target.
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Chapter 6
General Discussion
Chapter 6
6.0  G eneral D iscu ssio n
Environmental issues regarding use o f hazardous wood preservatives are o f increasing 
concern, and research is  now being directed towards applying technologies such as 
b io lo g ica l control to am eliorate the e ffec ts  o f  environm ental p o llu tio n  by such  
chem icals. Among the vast number o f  potential antagonists tested T r ic h o d e r m a  spp. 
have often been the most favoured biocontrol agents due to the numerous characteristics 
that en h an ce th eir ro le  as e f f ic ie n t  a n ta g o n ists . T he b io c h e m ica l fea tu res o f  
T r ic h o d e r m a  spp. are w ell documented as are their antagonistic properties which make 
them potential control agents o f many plant pathogenic and wood degrading organisms. 
Although numerous antagonistic mechanisms o f  these organisms are known, the degree 
o f  importance o f  these individual m echanism against specific pathogenic fungi still 
requires to be determ ined. The study undertaken here has not only evaluated  the 
importance o f these individual mechanisms against specific basidiomycetes but has also 
attempted to highlight the ability o f individual antagonistic mechanisms to interact and 
account for the biocontrol o f the decay organisms.
Screening o f biocontrol agents is often carried out on inappropriate media such as malt 
extract agar. The study here has shown the importance o f  using m edia (low  nutrient 
media) that is closer to the nutritional consistency o f  the field substrate i.e., wood. The 
studies in Chapter 3, sections 1 to 4, exam ined the follow ing antagonistic responses, 
so lu b le  m eta b o lite s , v o la t ile s , ly t ic  en zy m es and s id ero p h o res e x h ib ite d  by  
T r ic h o d e r m a  spp. It is evident from the results that these antagonistic responses are 
dependent on media type. The relative contribution o f  these individual mechanisms in 
the low  nutrient media is likely to provide a closer representation o f that observed in  
wood. It is obvious therefore that studies carried out in nutrient rich media may result in  
misleading conclusions with regard to antagonistic potential o f  certain biocontrol agents 
and their ability to express the necessary antagonistic traits.
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Production o f soluble metabolites by the different T r ic h o d e r m a  isolates was found to be 
dep en dent on  the m ed ia  typ e. M ost iso la tes  ex h ib ited  h igh er in h ib itio n  o f  the 
basid iom ycetes by solub le m etabolites w hen grown on the malt m edium , this was 
however not reproduced in the low nutrient media (Chapter 3, section 1). Since the latter 
medium was devised to be a closer representative o f wood in terms o f  its C:N ratio the 
results observed in such a media is o f  more importance in such studies. T .v ir id e  spp. and 
the unknown T r ic h o d e r m a  isolate seem  to show the highest overall inhibition o f  the 
basidiomycetes. It was also evident that the T r ic h o d e r m a  isolates inhibited the brown 
rot fungus N .l e p i d e u s  more efficien tly  than the white rot fungus T .v e r s i c o l o r .  It is 
interesting to note that with the stepwise regression analysis comparing % weight loss to 
antagonistic mechanisms (Chapter 5) the results indicated that soluble metabolites were 
the most dominant mechanism against the brown rot fungus N .le p id e u s .  This seem s to 
correlate well with the target specificity exhibited towards these fungi by this individual 
mechanism as noted above.
V olatiles produced by T r i c h o d e r m a  spp. were also found to be in fluenced  by the 
nutrient concentration o f the media used in the testing (Chapter 3, section 2). In the malt 
m edium  inhibition  o f  N . l e p i d e u s  was found to be more predom inant than that o f  
T .v e r s ic o lo r ,  however the target specificity against the latter white rot fungus was more 
evident on the low  nutrient media. This clearly illustrated the misinterpretation that is 
lik e ly  to be made, w ith regard to sp ecific ity  in inhibition  by biocontrol agents on  
experimentation with inappropriate media. Stepwise regression analysis comparing % 
weight loss to antagonistic mechanisms, also indicated that volatiles are a dominant 
mechanism against T .v e r s ic o lo r .
Laminarinase and chitinase enzyme production by the T r ic h o d e r m a  isolates was also 
found to be influenced by the m edia type (Chapter 3, section  3). Though the total 
activity o f the enzymes was higher in the malt extract medium than in the low  nutrient 
media, the situation was reversed on consideration o f the specific activity. This implies 
that though the amount o f  total protein produced in the malt extract medium is high, the 
amount o f lytic enzyme production is comparatively higher in the low  nutrient medium 
that is  a c lo ser  rep resen tation  o f  the nutritional b a lan ce  in  w o o d . G row th o f
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T r i c h o d e r m a  in  the lo w  n utrien t m ed ia  w ith  d iffer en t c e ll  w a ll m ater ia l o f  
basidiomycetes revealed that these antagonists exhibit a target specificity that is related 
to amount o f lytic enzyme production. In general the amount o f lytic enzymes seemed to 
be selectively produced in higher levels in the presence o f cell wall materials o f  brown 
rot fungi than that o f  white rot fungi, though there is undoubtedly target specificity  
against individual isolates. Results o f  the stepwise regression analysis showed (Chapter
5) that inhibition o f  the brown rot fungus by lytic  enzym es is  more important in the 
presence o f the live antagonist however this does not seem to be a dominant mechanism  
against the white rot fungus T .v e r s ic o lo r .
The potential o f  iron-chelating compounds such as siderophores which have been shown 
to play an important role in the biocontrol o f  plant pathogens by bacteria such as 
P s e u d o m o n a s  spp. may also be involved  in  the biocontrol o f  w ood decay fungi by 
T r ic h o d e r m a  spp.. Anke e t  a l .  (1991) have reported the production o f hydroxamate type 
sid erop h ores by T r i c h o d e r m a .  It has b een  sh ow n  in  th is  stu d y h o w ev er  that 
T r i c h o d e r m a  spp. are capable o f producing both hydroxamate and phenol ate type  
siderophores, where the latter siderophore type was originally  detected on ly  w ith  
bacteria (Neilands, 1981 a) and more recently with wood decay basidiomycetes (Jellison 
e t  a l ., 1990). It was observed during this study that a certain degree o f variability existed  
in the amount o f production o f siderophores as indicated by the halos sizes observed in 
the CAS agar medium. The number o f  siderophores produced within individual types 
(hydroxam ates and phenolates) also varied, where an iso late o f  T .p s e u d o k o n i n g i i  
show ed production o f  two phenolates unlike the T .v i r i d e  iso late tested which only  
produced one phenolate type siderophore. Since the phenolate type siderophores are 
known to be more efficien t iron chelators than the hydroxamate type siderophores 
produced by most fungi they may be very valuable for iron com petition  in w ood . 
Competition for iron between antagonists and w ood decay fungi may influence not only 
their growth due to deprivation o f  iron that act as co-factors to many proteins and 
enzym es, but may also have a more direct effect on their wood degrading enzym es as 
discussed previously (Chapter 3, section 4). Statistical correlation with %  weight losses 
(Chapter 5) indicate that siderophores may play an important inhibitory role mainly 
against the white rot fungus T .v e r s ic o lo r  and that this mechanism may not be dependent
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on the v ia b ility  o f  the T r i c h o d e r m a  iso la te s . It w as in tere stin g  to n o te  that a 
T .p s e u d o k o n in g i i  sp. exhibited production o f  more than one phenolate type siderophore 
and stepwise regression analysis also indicated siderophores were the most important 
antagonistic mechanism exhibited against T .v e r s ic o lo r  by these T r ic h o d e r m a  spp.
A lthough  there was a certain degree o f  in terspecies and interstrain variab ility  in  
production o f individual antagonistic responses within the T r ic h o d e r m a  isolates, certain 
mechanisms were com m only associated with particular species subgroups. In all the 
antagonistic m echanism s tested it w as evident that T .p s e u d o k o n i n g i i  and T .v i r i d e  
species always exhibited a greater antagonistic response against both decay fungi in the 
lo w  nutrient m edia and th ese sp ec ies  m ay therefore be exp ected  to be e ffe c t iv e  
antagonists against the wood decay basidiomycetes in wood.
A n ta g o n ism  o f  T r i c h o d e r m a  sp p . a g a in st th e  m y c e lia l  form  and sp o res  o f  
basidiomycetes was also tested. It was evident from the results that the specificity o f  the 
m ech an ism s ex h ib ited  aga in st th e w ood  d ecay  fu n g i a lso  vary d ep en d en t the  
morphological forms o f the organism (Chapter 4). Soluble metabolites showed complete 
inhibition o f  both N .l e p i d e u s  and T .v e r s i c o l o r , although som e antagonists show ed  
greater target specificity  against the brown rot fungus. V olatile antibiotics how ever  
dem onstrated no inh ib ition  o f  either b asid iom ycete , although  v o la tile  had been  
previously shown to inhibit the mycelial form o f  these two basidiomycetes (Chapter 3, 
section 2). Since in wood, basidiospores may be one o f the first m orphological states 
that may be encountered during invasion the potential o f T r ic h o d e r m a  spp. to inhibit 
the spores in addition to the mycelial form needs to be carefully considered during the 
development o f any biocontrol system for wood protection.
A nalysis o f  results obtained after statistical com parison im ply that N . l e p i d e u s  and 
T .v e r s ic o lo r  are inhibited by the various antagonistic mechanisms to varying degrees. It 
appears th a t N . l e p id e u s  inhibition required the presence o f  the live antagonist, as lytic  
enzym es seem  to be the m ost important m echanism  o f  control w h ile  the w hite rot 
fungus T .v e r s ic o lo r  can be affected by the presence siderophores, and other metabolites 
that are not dependent on the continuous viability o f the T r ic h o d e r m a  spp. It is clear
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from  th is study that more than one an tagon istic  m echanism  is fu n ction al in  the 
antagonism by T r ic h o d e r m a  at any one time. This may be further compounded by the 
fact that T r ic h o d e r m a  are capable o f  enclosing two or more different nuclei in  each  
segment o f mycelium separated by a septa, (Sivan and Harman, 1991) and can therefore 
express varied biochemical traits at different areas o f  mycelial colonisation. Depending 
on the phenotypic characteristics at the individual sites o f interaction and the signals that 
are detected from the target organisms, varied antagonistic responses w ill be activated. 
This study has exam ined the production o f  antagonistic traits under autecologica l 
conditions and it must be remembered that this is only one aspect o f  the interactions 
between organisms, as in nature behavioural responses o f the organisms are allied to the 
greater competitors. Genotypic characteristics o f  the T r ic h o d e r m a  can be manipulated 
by transformation (Sivan e t  a l ,  1992) or protoplast fusion (Stasz e t  a l . ,  1991; Sivan and 
Harman, 1991; Stasz and Harman, 1990) to produce more efficient biocontrol agents. 
H owever the antagonistic traits o f T r ic h o d e r m a  and the behavioural responses o f  the 
organism s need to be fu lly  understood before any such gen etic  m anipulation  for  
improving the isolates can be undertaken.
Although to date some T r ic h o d e r m a  spp. have been commercially produced to be used 
as biocontrol agents against plant pathogens, the difficulties that exist in evaluating the 
potential o f these antagonists at a field scale level against wood decay fungi has limited  
their production at a commercial level. The statistical model that has been used here to 
understand the antagonistic mechanisms against specific target fungi can be used to 
select those T r ic h o d e r m a  antagonists that fit the model better and are therefore capable 
o f exhibiting antagonism against specific target fungi. The knowledge gained from this 
study on their antagonistic mechanisms could therefore be used in developing more 
virulent b iocontrol agents. The p o ss ib ilit ie s  o f  using m etabolites sim ilar to that 
produced by these antagonists, on their own as a bioprotectant can also be explored.
W ith the increasing concern over environm ental pollu tion  w ith the use o f  w ood  
preservatives that are facing legislative restrictions, it has becom e more attractive to 
adopt safer, more environmentally friendly treatment methods such as biological control 
or bioprotection or integrated chemical and biocontrol treatment. Only by understanding
22 4
the com bative strategies o f  these biocontrol agents can the treatment be made more 
controllable, reproducible and reliable. Commercial application o f T r ic h o d e r m a  spp. for 
w ood decay control w ill becom e more o f  a com m on practice on ly  with increasing  
understanding o f the biochemical functioning o f  such antagonists.
F u ngi - " If th e L ord  A lm ig h ty  h ad  co n su lted  m e b efo re  em b ark in g  u pon  th e  
creation , I should  have recom m ended som ething sim pler"  - A lfonso X  o f  Castile, 
13th century.
"A lfonso X m u st h ave been  con sid erin g  T r i c h o d e r m a  sp p . w hen  he m ad e th is  
statement" - U.Srinivasan 20th Century.
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A ppendix II
The following spectra are the proton and carbon NMR recording.
279
(2) Proton and Carbon NMR of the hydroxamate siderophores of T.harzianum (B11).
280
(3) Proton and Carbon N M R  and dept of the phenolate siderophores of
T.pseudokoningii (B15).
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( 4 )  P r o t o n  N M R  o f  th e  h y d r o x a m a t e  s id e r o p h o r e s  o f  T.pseudokonigii ( B 1 5 ) .
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(5) Proton N
M
R
 of the phenolate siderophores of T.vinde (R
IO
).
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(6) Proton and carbon NMR of the hydroxamate siderophores of T.viride (RIO).
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A ppendix in
Calculation o f WHC o f soil
The following procedure for determination o f  water holding capacity o f  the soil is based 
on a m ethod by B ouyoucos (1935). S o il substrate (from, Scottish  Crop Research  
Institute, Invergowrie) w ith a water-holding capacity betw een 20 and 40% and pH  
betw een 5 .0  and 8.0 was used. After breaking up all clumps the soil was m ixed and 
passed through a 2 cm size sieve. This sieved  so il was used  to fill a sm all Buchner 
funnel approxim ately 5 cm in diameter and 2 .5  cm  in  depth, and fitted w ith rapid­
filtering paper. The soil was made compact by dropping the funnel three times through a 
height o f  1 cm on a wooden tabletop. The soil surface was then levelled  by removing 
excess soil with a spatula at the top o f  the funnel without further compaction. The filled  
funnel was then placed in  a 400 ml beaker and retained in an upright position by wedges 
at the sides o f the funnel. Water was added to the beaker to a depth slightly beyond the 
level o f  the filter paper. The soil was allowed to wet by capillarity to reduce the danger 
o f  entrapping air within the colum n. W hen the upper so il surface show ed signs o f  
wetting, more water was added until the water was level with the upper surface o f  the 
funnel. A  cover was placed over the beaker, and the soil was allowed to soak overnight 
(approx 20 hrs). The funnel was then placed in  a suction flask which was connected to a 
vacuum pump, and full suction (133 mBar, 1 Bar = 1 atmospheric) applied for 15 min. 
During vacuum  treatment, the funnel w as covered  w ith a m oist c loth  to prevent 
evaporation o f  water from the exposed surface. After 15 min the funnel was removed  
from the suction flask and the soil scraped out into a receptacle and weighed to obtain 
the w et weight, W j (63.87g) The soil was then oven  dried for 24  hr at 105 °C and 
reweighed, W2  (50.63g) The soil moisture content at 100% o f its water-holding capacity 
(WHC) was therefore determined based on the ovendry weight o f  the soil.
% Moisture content at 100 % WHC = W1 - W 2 X  100
W 2
= 63.87-50,.63 X  100 
50.63
28 5
= 26.15%.
Preparation o f Soil Culture Bottles
140 g o f  sifted soil was lightly  compacted by tapping to half-fill a (250 m l) culture 
bottle. The water in the soil culture bottle was then made up to 130 % o f  the water­
holding capacity o f  the soil as fo llow s : The amount o f additional water needed was 
determined by w eighing the volum e o f  so il that w ill be needed to h alf-fill a culture 
bottle, i.e., 140 g (W 3 ). This soil was then dried at 105 0 for 12 hr and reweighed,(W 4  - 
120.79 g). The amount o f water to b e  added to each culture was calculated as follow s : 
W ater required, g = (100% WHC x 0 .013 x W 4 ) + W 4  - W 3 , i.e ., (26 .15  x 0 .013  x 
120.79) + 120.79 - 140 = 21.85 ml o f  water.
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